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Abstract
The objective of this research is to examine the impact fuel selection can have on the high-load
limit in a stratified Compression Auto-Ignition (CAI) engine. This was accomplished by first studying the
validity of the current metrics that predict when the high-load limit is reached. Temperature and fuel
concentration stratification, and the degree that they can be used to relax the constraint on the high-
load limit, were then examined. The effectiveness of stratification was then related to the chemical
kinetic behavior of different fuels. The conclusions were then used to develop a fuel selection
procedure for CAI engines. A modified Renault F9Q B800 common rail diesel engine, with a
compression ratio of 19, and displaced volume of 467 cm3 per cylinder, was used to assess these goals.
The chemical kinetic behavior of the fuels was obtained with a specially designed Rapid Compression
Machine (RCM).
It has been shown that the Ringing Index, a commonly used knock metric, does not perform well
when stratification is present and sequential ignition occurs. The correlation that is used to
approximate the pressure oscillation amplitude is not accurate in the presence of sequential ignition. A
modified correlation for the pressure oscillation amplitude has been presented. It was found that the
pressure oscillation amplitude can be reduced, at a given pressure rise rate, by increasing the
combustion pressure, by increasing the combustion temperature, or by reducing the combustion length
scale.
With regards to fuel selection, a fuel that does not exhibit a large Negative Temperature Coefficient
(NTC) region can extend the high-load limit by up to 20% when temperature stratification is present.
The NTC region has minimal temperature sensitivity and would naturally reduce the effectiveness of
temperature stratification. The presence of an NTC region is also dictated by intake conditions. A larger
intake pressure tends to reduce the size of the NTC region, which leads to more temperature sensitivity
in the chemical kinetic behavior of the fuel. As a result, both fuel selection and intake conditions must
be considered when evaluating the effectiveness of stratification in a CAI engine.
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Nomenclature
ACRONYMS
CAD Crank Angle Degree
CAI Controlled Auto-Ignition
CR Compression Ratio
EGR Exhaust Gas Recirculation
EID Engine Ignition Delay
HPRP High Pressure Release Piston
HTHR High Temperature Heat Release
IMEP Indicated Mean Effective Pressure
KI Knock Intensity
LTHR Low Temperature Heat Release
MAP Manifold Air Pressure
MPRR Maximum Pressure Rise Rate
MPU Mixture Preparation Unit
NIMEP Net Indicated Mean Effective Pressure
NTC Negative Temperature Coefficient
NVH Noise Vibration and Harshness
NVO Negative Valve Overlap
PFI Port Fuel Injection
RCM Rapid Compression Machine
RI Ringing Index
Sil Sequential Ignition Index
TC Top Center
SYMBOLS
ct(T) Ignition delay correlation equivalence ratio exponent
1 Pressure oscillation correlation scale factor
P(T) Ignition delay correlation concentration exponent
y Specific heat ratio






a Constant for specific heat ratio temperature dependence equation
A Area
b Slope for specific heat ratio temperature dependence equation
c Speed of sound
CA50 Crank angle at 50% chemical heat release
CAMPRR Crank angle at the location of MPRR
CP Constant pressure specific heat
Cv Constant volume specific heat
AE External energy source/sink
he Heat transfer coefficient
Le Characteristic length
n Molar concentration
N Total number of moles
Nz Number of zones in multi-zone model
P Pressure
AP Pressure oscillation
Q Fuel chemical energy
Qht Heat transfer energy
rA Radius of igniting zone




Tw Engine wall temperature
V Volume
Vd Displaced cylinder volume
Z Ignition delay correlation coefficient
Unless otherwise stated, all engine crank angle degree values given in this report are referenced from
top-center intake.
Chapter 1. Introduction
Controlled Auto-Ignition (CAI) engines have the potential to increase fuel economy while lowering
nitrogen oxide and soot emissions. However, there are significant hurdles that must be overcome
before the engine can gain a larger share in the vehicle market.
The main features of CAI engines, compared with conventional spark ignition and compression
ignition diesel engines are provided in Table 1-1. Conventional spark ignition engines induct a premixed
fuel and air mixture into the cylinder, which is then compressed. A spark plug initiates a turbulent flame
near the end of compression, and the flame then propagates throughout the mixture. As a result, the
ignition timing is a function of the spark timing, and the combustion rate is limited by the turbulent
flame speed. A conventional diesel engine inducts only air into the engine cylinder, which is then
compressed. Fuel is then injected directly into the cylinder. Since diesel engines utilize a high
compression ratio, the fuel ignites quickly after the start of injection due to the high cylinder pressure
and temperature. The small amount of fuel that mixes with the air in the chamber ignites
spontaneously, while the remaining fuel ignites with a diffusion flame. As a result, the ignition timing in
diesel engines is based on the fuel injection timing, while the rate of combustion is limited by the
diffusion flame.
Table 1-1 Comparison of key CAI engine features with spark ignition and diesel engine features
CAI engines typically induct a premixed fuel and air mixture into the engine cylinder. The fuel can be
directly injected early in the compression stroke if a completely homogeneous mixture is not desired
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Spark Ignition CAI Engines Diesel EnginesEngines __________
Premixed fuel/air charge Fuei lte n
Combustion initiated Auto-ignition due to Combustion initiated
with spark plug compression with fuel injection
Turbulent premixed No flame - kinetically Turbulent diffusion
flame propagation controlled flame
Low compression ratio High compression ratio
Load limited by Load limited by amount of fuel injectedthrottling
(for reasons that will become apparent in subsequent sections). However, enough time for the fuel and
air to mix sufficiently is required. The mixture is then compressed until the high chamber pressure and
temperature lead to auto-ignition. As a result, the ignition point cannot be set with spark timing or fuel
injection timing. Rather, the ignition timing is determined by the fuel chemical kinetics, along with the
engine operating conditions and geometry. The rate of combustion after ignition is dictated by the
uniformity of the mixture and by the speed at which the chemical reactions during main ignition occur.
CAI engine combustion can lead to many advantages over conventional spark ignition and diesel
engines. The amount of fuel in the chamber is dictated by the desired load output, similar to diesel
engines. Therefore, throttling is not typically employed, leading to a reduction in the pumping losses
(pumping losses form when the intake pressure is lower than the exhaust pressure). Also, a leaner
mixture would increase the polytropic constant during compression, leading to an increased
thermodynamic efficiency.
The selected compression ratio in CAI engines is based on the reactivity of the fuel to ensure ignition
occurs. As a result, the compression ratio can be optimized to maximize thermodynamic efficiency. The
compression ratio is lower than the ideal thermodynamic value in spark ignition engines to ensure auto-
ignition does not occur before the turbulent flame propagates throughout the entire mixture. The
compression ratio is higher than the ideal value in diesel engines, leading to additional heat losses, to
enhance cold-start capabilities.
CAI engines also have the capability to be designed to handle various types of fuels, ranging from
highly reactive fuels (diesel) to low reactive fuels (high octane gasoline). However, the engine design
parameters must be selected to accommodate the desired fuel.
Finally, the nature of CAI combustion leads to a reduction in harmful emissions when compared to
spark ignition and diesel engines. The turbulent and diffusion flames in spark ignition and diesel
engines, respectively, lead to combustion at near stoichiometric conditions. This leads to high burn
temperatures, and consequently high NO) emissions. The absence of a flame front in CAI engines leads
to much lower burn temperatures, and a significant reduction in NO) emissions. When compared to
diesel engines, the enhanced mixing in CAl engines also prevents the formation of soot. It should be
noted that the lower burn temperatures in CAl engines can increase CO and unburned hydrocarbon
emissions.
Though there is a lot of promise in the use of a CAI engine, the nature of CAI engine combustion
presents two significant hurdles. The first issue that must be addressed involves the manner in which
ignition timing is controlled. The ignition timing is easily controlled in spark ignition and diesel engines
by adjusting the spark timing and fuel injection timing, respectively. However, the control with CAI
engines is much more complicated. The time required for the mixture to ignite is dictated by the fuel
properties, intake temperature, intake pressure, fuel concentration, EGR rate, valve strategy, and non-
uniformities in the mixture. The time for ignition also needs to be reduced at higher engine speeds. All
of these variables must be combined to ensure ignition at the proper combustion phasing under a wide
array of engine operating conditions. This requires much more advanced controls when compared to
spark ignition and diesel engines.
The second issue that must be addressed involves the rate of combustion after ignition occurs. In
both spark ignition and diesel engines, all the fuel does not ignite together. The turbulent flame in spark
ignition engines limits the rate of combustion after the first parcel of fuel ignites near the spark plug.
The rate of fuel injection and the diffusion flame limit the rate of combustion in a diesel engine after the
initial premixed region ignites. As a result, all of the fuel cannot ignite simultaneously in spark ignition
and diesel engines.
CAI engines do not have a simple method that can be used to control the rate of combustion after
ignition. Since no flame is present, the complete combustion of the mixture is not limited by heat and
mass transfer rates, and near-spontaneous ignition of the entire mixture can potentially occur.
Spontaneous ignition of all of the fuel will lead to a combustion rate that is only limited by the rate of
chemical reactions during main ignition. This can potentially lead to the complete ignition of the charge
in the order of 0.1 ms. Inversely, flame propagation can lead to complete combustion in the order of
100 ms. However, since the mixture cannot be perfectly homogeneous in CAI engines, mixture non-
uniformities will reduce the rate of combustion.
As the ratio of fuel in the mixture increases at high loads, the large heat release rate associated with
the near-spontaneous ignition of the charge can result in the formation of pressure waves in the
combustion chamber. The formation of pressure waves leads to severe noise and vibration, which is
referred to as engine knock. Engine knock limits the power output of CAI engines, and has been subject
to a great deal of research over the last decade.
This report will focus on methods that can be used to extend the rate of combustion after initial
ignition, thereby relaxing the constraint on the high-load limit. The specific approach that will be used
will become apparent following a brief introduction to CAI engine knock and a description of past
attempts at reducing the engine's knock tendency.
1.1 CAI Engine Knock
It is important to begin the discussion by understanding why knock in CAI engines occurs. There are
two theories in the literature that serve to predict the onset of knock. This section will examine each
theory, while also presenting an overview of CAI engine combustion. Possible metrics that can be used
to predict the onset of knock will also be presented.
1.1.1 A Limit on Volumetric Expansion
The presence of naturally occurring temperature stratification in CAI engines prevents the entire
charge from igniting together. As a result, different zones in the combustion chamber ignite at different
times. Yelvington [1] argued that knock occurs when the zone undergoing ignition cannot expand fast
enough to accommodate its increase in temperature. As a result, the local zone pressure must increase,
which would then lead to a non-uniform pressure in the combustion chamber. A non-uniform pressure
would then lead to pressure oscillations.
This theory is based upon an understanding that there is a significant degree of thermal
stratification that exists in all CAI engines which leads to a sequential ignition of the charge (different
regions igniting at different times) as opposed to a homogeneous spontaneous ignition. Dec [2]
demonstrated using an optically accessible CAI engine that there exists 88 K of stratification at TC (5% to
95% mass-based thermal width of 44 K). The engine used in the study was a modified Cummins B-series
medium-duty diesel with a displaced cylinder volume of 0.98 L, and a pancake combustion chamber.
The peak compressed gas temperature was 1000 K. These observations can be used to solidify
Yelvington's [1] theory.
Yelvington's [1] theory can be modeled by dividing the combustion chamber into two zones, as
shown in Figure 1-1. It can be assumed that after compression, Zone A has a slightly higher
temperature, which would lead it to ignite before Zone B (hence, sequential ignition).
Zone B
STATE 2
Figure 1-1 Two-zone model for CAI engine combustion chamber assuming sequential ignition
It can be assumed that there is no heat transfer between the zones. As a result, Zone B is





A first law analysis can be conducted on Zone A. As a result, the increase in pressure can be
expressed as:
dP y - l dQ P dVA
dt VA dt VA dt
[1.2]
The premise of Yelvington's
governed by the speed of sound.




theory is that the maximum rate of volumetric expansion is





If all three relationships are combined, a threshold for the maximum rate of heat release can be
created:
1 dQ yP 1 1 yP C [1.4]
VA d t y - 1 (VA VB y - 1Lc
Based on Equation [1.4], it can be seen that as the underlying pressure increases, a higher heat
release rate can be accommodated. Also, the characteristic length, Le, increases as the volume of Zone A
increases. Therefore, the threshold will decrease as the volume of Zone A increases, indicating a lower
allowable heat release rate.
There are two key issues with the above theory that should be highlighted. The first issue that may
arise involves the ignition of Zone B. The theory assumes that Zone B will not ignite until the expansion
of Zone A is complete. However, if the stratification in the engine is not significant, the compression of
Zone B can lead to ignition before the volumetric expansion of Zone A is complete. This would indicate
that the theory would fail if stratification is not significant.
The second issue involves the manner in which knock is defined. There is an inherent assumption
that knock will occur when there is a local overpressure in one of the zones, due to the limitation on the
rate of volumetric expansion. However, it is not guaranteed that the presence of pressure oscillations
automatically leads to audible knock.
1.1.2 A Limit on the Wave Intensity
Eng [3] developed a new criterion by assuming that the nature of CAI combustion will lead to the
presence of pressure oscillations at any conditions. The occurrence of audible knock would therefore
depend on the power of the wave induced by the pressure oscillations. As a result, Eng [3] set a limit on
the wave intensity, given by the following equation:
Wave Intensity = pw2Q2c [1.5]
By assuming isentropic compression, Eng [3] then correlated the molecular displacement to the
pressure wave amplitude (AP). This then produced what will be referred to in this report as the Knock
Intensity (KI):
1 A P2  [.Knock Intensity = 1- y RuTmax [1.6]
2y Pmax Ta
He then found that AP can be approximated as a fraction (@) of the Maximum Pressure Rise Rate
(MPRR):
AP (dP) [1.7](dt max
The constant [ was determined by experimental data and set to 0.05 ms. With this information, Eng
established the Ringing Index (RI), and suggested a limit of 2 MW/m 2.
Fyu_ ax d 2 [1.8]Ringing Index = yRuTmax [ (d)2YPmax dt max
The underlying assumption of this theory lies in the approximation of the pressure oscillation given
in Equation [1.7]. Since the MPRR must be greater than zero, it is assumed that there will always be
pressure oscillations, contrary to what Yelvington [1] presented. Eng's [3] theory also assumes that the
presence of pressure oscillations does not lead to knock, also contrary to what Yelvington [1] presented.
The accuracy of the Knock Intensity and Ringing Index will be examined in Chapter 3.
1.2 Extending the High-Load Limit
There have been many previous studies that have examined methods that can be used to increase
the combustion duration in CAI engines, which would then relax the constraint on the high-load limit.
Naturally, many researchers have examined adjusting the operating parameters in an attempt to
increase the load limit. This includes studying the impact of combustion phasing, increasing the intake
pressure, and adjusting valve timing. Some research has focused on introducing temperature and fuel
concentration stratification in the engine to establish a larger degree of sequential ignition. This would
essentially enhance the natural stratification that is present in the engine, thereby increasing the
combustion duration. Others have examined different fuel characteristics that would lead to a more
gradual ignition event. These methods will be discussed in this section.
1.2.1 Impact of Combustion Phasing
Unlike typical spark ignition or compression ignition engines, the impact of combustion phasing in
CAI engines is difficult to isolate because phasing is not directly controlled. To vary the combustion
phasing, another variable must be changed (ie. intake temperature, intake pressure, residual
concentration, fuel etc.). It is therefore difficult to distinguish whether the change in engine
performance is based on the change to the phasing, or a direct effect of the variable being changed.
Fortunately, the literature has presented a consensus that the latest possible combustion phasing
(before misfire) is desirable. Sj6berg [4] varied the combustion phasing by changing the intake
temperature, both in a modeling simulation and engine experiment. He found that operating with a late
combustion phasing can lengthen the burn duration and reduce the Knock Intensity.
Wildman [5] studied the effects of intake temperature, intake pressure, valve timing, and EGR using
91 RON gasoline in all of his tests. He showed that as intake pressure or intake temperature increases,
the rate of pressure rise increases, which reduces the combustion duration. It was shown that
increasing the intake pressure or temperature increases the residual fraction and the charge
temperature, which then leads to earlier combustion. It was also shown that replacing trapped residuals
with cooled EGR extended the high-load limit by reducing the charge temperature, thereby delaying
combustion. A concurrent study was conducted by Scaringe [6], who concluded that for a given
allowable MPRR, the highest NIMEP is attained if the conditions are selected for operation just before
the misfire limit, with delayed combustion phasing.
1.2.2 Impact of Valve Timing
Without the use of a high compression ratio and/or a high intake pressure, significant charge
heating is required to achieve auto-ignition of typical gasoline fuels in a CAI engine. One strategy that
has been employed by a number of researchers is to adjust the valve timing to trap hot exhaust
residuals in the combustion chamber. This can then increase the combustion chamber temperature
which would facilitate auto-ignition near TC. The amount of exhaust gas trapped through valve timing
determines the combustion phasing, and therefore indirectly impacts the high-load limit.
Law [7] developed an Active Valve Train (AVT) system that eliminates the need to preheat intake air
in a CAI engine. Two methods of trapping residuals were analyzed. The first method closed the exhaust
valve early, which prevents all of the exhaust gas from exiting the chamber. When the intake valve
opens, the fresh mixture can then mix with the high temperature exhaust. This is commonly referred to
as Negative Valve Overlap (NVO). The second method studied allowed the exhaust gas to exit the
chamber during the exhaust stroke. However, the exhaust valve was opened during the intake stroke to
allow exhaust residuals to be drawn back into the chamber, with the fresh charge. This is commonly
referred to as exhaust gas re-breathing [8]. As expected, both methods were capable of advancing
combustion. The first method requires some additional pumping work for compression and expansion
of the trapped residual gas.
Yun [8] used a single cylinder engine equipped with a Fully Flexible Valve Actuation (FFVA) system to
study the impact of using an NVO strategy. In this work, combustion was assisted with a spark plug,
which determined the combustion phasing. In order to maintain stoichiometric conditions at various
fuel loadings, EGR was also used to provide additional dilution. At higher loads, the dilution can then be
reduced to accommodate more air. It was found that an NVO strategy can extend the load limit if the
combustion phasing (determined by the spark plug) is delayed. Yun [8] also tested a Positive Valve
Overlap (PVO) strategy, where the exhaust valve is closed after the intake valve opens. He found that
this strategy trapped less exhaust, which reduced intake temperatures. As a result, a higher portion of
the mixture ignited with the spark assisted flame, which consequently reduced the rate of pressure rise.
Yun's work [8] demonstrates that an NVO strategy should only be employed when intake heating is
necessary. In a spark-assisted CAI engine, that does not require additional charge heating, employing an
NVO strategy would simply increase the portion of mixture ignited outside of the flame front.
1.2.3 Impact of Intake Pressure
Under constant fuel loading, the intake pressure can be increased with excess air, the introduction
of residuals, or a combination of the two. It has been shown in the literature that the method used to
increase the intake pressure will impact the final conclusions.
A higher Manifold Air Pressure (MAP) due to excess air, while maintaining a constant fuel loading,
will accelerate the auto-ignition process, resulting in the advancement of the combustion phasing. This
is due to a higher availability of oxygen which accelerates the low temperature branching reactions. As
a result, Dec [9] found that when the combustion phasing is not controlled (intake pressures from 1.8
bar to 3.25 bar), and only excess air is used to increase the MAP, the maximum IMEP decreases as intake
pressure increases (Figure 1-2, bottom line). Dec [9] maintained a maximum Ringing Index of 5 MW/m 2.
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Figure 1-2 Impact of intake pressure on the IMEP in a CAI engine using excess air (bottom line) and
cooled EGR (top line); results from Dec [9]
Dec [9] also studied the impact of increasing intake pressure with cooled EGR. EGR increases the
thermal capacity of the mixture, which reduces the final compression temperature. It also displaces
excess oxygen, which would then slow down the auto-ignition process, for the same fuel loading. As a
result, the use of cooled EGR is very effective in delaying the combustion phasing. At a given intake
pressure, Dec slowly increased the amount of EGR by reducing the amount of excess air, until he
reached the misfire limit. With this method, Dec found that increasing the intake pressure significantly
increased the maximum IMEP, from 5 bar to 16.34 bar at an intake pressure of 3.25 bar (Figure 1-2, top
line). He reasoned that this was due to a later combustion phasing that was attainable at higher intake
pressures. However, it should be noted that combustion phasing peaked at an intake pressure of 2 bar,
while the IMEP still continued rising until an intake pressure of 3.25 bar.
Scaringe [10] examined the impact of increasing the MAP with both internal trapped residual and
external cooled EGR in an engine operating with Negative Valve Overlap (NVO). He found that
increasing the MAP with internal trapped residual, while maintaining a constant MPRR and
stoichiometric conditions (no excess air), reduced the maximum attainable NIMEP (Figure 1-3). The
reduction in NIMEP can be attributed to the increased charge temperature that is experienced as the
level of trapped residuals increases. As a result, as MAP increases, the combustion phasing is advanced
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Figure 1-3 Impact of intake pressure on the NIMEP and MPRR using dilution with internal residuals;
results from Scaringe [10]
When cooled EGR was used to delay combustion (Figure 1-4), such that the operation at each MAP
value was on the misfire line, the maximum NIMEP increased slightly (from 5.1 bar to 5.7 bar, with an
increase in intake pressure of 1.1 bar to 1.7 bar). It can be hypothesized that a larger difference may
have been seen if Knock Intensity was constrained, rather than MPRR. As shown in equation [1.6], for
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Figure 1-4 Impact of intake pressure on the maximum NIMEP and misfire line using dilution with
cooled EGR; results from Scaringe [10]
The conclusions that can be drawn from both studies are similar. A benefit can be attained with an
increased intake pressure if care is taken in insuring that the combustion phasing is not advanced. This
can be accomplished by adjusting the use of excess air, internal residual, and cooled EGR.
1.2.4 Impact of Thermal Stratification
In an effort to increase the combustion duration, there has been research focused on introducing
thermal stratification in the combustion chamber. The presence of a temperature gradient can lead to
sequential ignition, where the hottest regions ignite first. This would then increase the combustion
duration and extend the high-load limit.
Sjdberg [4] experimentally examined the impact of inducing a temperature gradient by reducing the
coolant temperature (from 100 'C to 50 "C) and by increasing the intake swirl ratio (from 0.9 to 3.6). He
found that at a constant loading and a constant 10% burn point (maintained by charge heating),
reducing the coolant temperature dropped the Knock Intensity from 6.23 MW/m 2 to 3.71 MW/m 2 . With
a higher swirl ratio, and reduced coolant temperature, the Knock Intensity was further reduced to 2.95
MW/m 2. However, due to higher heat losses and higher intake temperatures (which reduces the charge
mass at a constant intake pressure), the IMEP also drops with higher stratification. If the IMEP is held
constant by increasing the equivalence ratio, only a 15% reduction in the Knock Intensity was
achievable, which must be balanced with a loss in thermal efficiency.
Krasselt [11] introduced thermal stratification with a split intake port that was capable of
introducing mixtures of different temperatures and compositions without any premixing. This created
thermal stratification directly (through different temperatures) or indirectly (through inert gases with
different specific heat constants). Depending on the operating conditions, the use of both methods of
thermal stratification led to a charge temperature gradient of 140 "C to 211 'C near TC. It was shown
that this case can increase the combustion duration from approximately 7 CAD to 9 CAD, when the
combustion phasing is held constant at 365 CAD after TC. It should be noted that attempts with a
smaller level of stratification (only using direct stratification) led to a temperature gradient of 25 'C to
42 'C near TC, and had no impact on the combustion duration.
Herold [12] examined the impact of thermal stratification in an optical engine. Combustion was
captured with chemiluminescence image sequencing. Chemiluminescence originated from combustion
species such as CH20, HCO, CH, C2, C02, and OH [12]. Herold used a similar meth od of thermal
stratification (combination of direct and indirect) as Krasselt [11]. Under 'homogeneous' conditions
(only natural stratification), Herold found that there was a spatial combustion progression from the
intake side to the exhaust side. It was hypothesized that this is due to natural stratification in the
chamber, created by the location of the coolant passages. When thermal stratification was directly
introduced, the combustion process initiated at the high temperature region, as expected.
These conclusions are summarized in Figure 1-5, which shows the total mass fraction burned when
ignition is first spotted at a given location in the combustion chamber. Therefore, for a given location, a
higher mass fraction burned value indicates that the location has ignited later in the combustion
process. Figure 1-5 (a) shows that under homogeneous conditions, ignition propagates from the bottom
of the figure (where the intake valve is) to the top (where the exhaust valve is located). Figure 1-5 (b)
shows that with direct thermal stratification (which heats the right side of the chamber), ignition
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Figure 1-5 Average combustion progression using chemiluminescence image sequencing with (a)
natural stratification and (b) temperature stratification; results from Herold [12]
1.2.5 Impact of Fuel Concentration Stratification
Fuel concentration stratification is normally attained by manipulating the injection timing or by
introducing a multiple injection strategy. The goal is to create a charge that has pockets of different fuel
concentrations. The areas with a higher fuel concentration will ignite first, and lead to a sequential
ignition of the remaining mixture. This would then theoretically extend the combustion duration after
the first parcel ignites, leading to a higher load limit.
In a series of papers [13, 14, 15], Kalghatgi examined the impact of injection strategy with different
fuels (diesel and gasoline) and two different engines. It was found that using gasoline fuels, rather than
diesel, lengthened the Engine Ignition Delay (EID), which is the time between the start of injection and
CA50 (point of 50% heat release). With a late injection strategy, a longer EID is desirable to facilitate
proper mixing of the air and fuel, thereby reducing soot and NO. emissions. It is important to note that
as injection is delayed, the line between CAI and typical compression ignition found in normal diesel
engines becomes blurred. In this report, the engine will be referred to as a CAI engine as long as
injection is completed before any ignition occurs, and there is sufficient mixing to prevent fuel rich
regions.
With gasoline fuel, a constant inlet temperature of 40 *C, a compression ratio of 14, and a single
injection strategy, Kalghatgi [13] found that injection timing must be between 325 CAD and 345 CAD
after TC. Earlier injection would lead to over mixing, which would then prevent the mixture from
igniting (due to the low compression ratio, lack of intake air heating, and lake of internal residuals). Late
injection leads to lack of mixing, which increases soot and NO, emissions. At a maximum stratification
before excessive smoke formation, 25% EGR, and 2 bar intake pressure, an IMEP of 14.86 bar was
achieved [13]. To further enhance stratification, Kalghatgi then introduced dual injection [14] in the
same engine, with a pilot injection at 210 CAD after TC. With this strategy, a maximum IMEP of 15.95
bar was obtained before excessive smoke formation. A similar analysis, with similar conclusions, was
completed with a smaller engine (compression ratio of 15.8) and multiple engine speeds [15].
Sjoberg [16] examined the use of partial fuel stratification in a Cummins B-series diesel engine with a
reduced compression ratio of 14 and PRF fuels. PRF fuels were chosen due to their two-stage ignition
behavior, which would increase sensitivity to an equivalence ratio distribution. Stratification was
achieved using a dual injection strategy, where by the main injection occurred during the intake stroke,
and the remainder during the compression stroke. It was found that stratification effectively increased
the IMEP output from 5.4 bar to 6.0 bar.
Sjoberg [16] took care in ensuring that the resulting stratification attained from dual injection
ensured no overly lean or rich regions. Considering NO) formation occurs in regions richer than <b-0.5
and CO formation occurs in regions leaner than p-0.18 [16], Sjoberg insured that the first injection at
40 CAD after TC created a homogenous charge with no overly lean or rich regions. It was found that the
second injection should occur at 285 CAD after TC. NOx emissions increased substantially if the injection
occurred any later, indicating the formation of overly rich regions, and over stratification of the charge.
At the optimal stratification and maximum load, approximately 17% of the fuel was injected in the
second injection.
Dec [17] applied partial fuel stratification to a boosted engine operating with conventional gasoline.
It was found that at an intake pressure of 2 bar, stratification increased the maximum IMEP from
11.7 bar to 13 bar. Interestingly, it was also found that stratification did not have a large impact under
atmospheric conditions. This does demonstrate that the effectiveness of stratification may be linked
with intake conditions and fuel properties, which is a fundamental concept in the research that will be
presented in this report.
1.2.6 Impact of Fuel Selection
A large benefit of using a CAI engine is its ability to operate with various fuels. As a result, a few
researchers have focused on using this unique feature to select a fuel that has the ability to extend the
high-load limit by increasing the combustion duration.
In a series of papers [18-22], Shibata examined the impact of a number of fuels on the high-load
limit in a Port-Fuel Injected (PFI), near homogeneous, CAI engine. Given a set of engine operating
conditions, fuel selection is very important in determining the combustion phasing. Shibata [18] found
that fuels that lead to a delayed combustion phasing also lead to lower Knock Intensity values. A linear
dependence of Knock Intensity and combustion phasing was presented. Shibata [18] also correlated the
energy released in low temperature reactions (Low Temperature Heat Release - LTHR) to the
combustion phasing, and noted that there exist fuel chemicals that inhibit LTHR reactions, thereby
delaying the combustion phasing. Shibata continued this work in [19] at different intake temperatures
and pressures. He found that at high intake temperatures, ignition will occur at a lower pressure. This
leads to a reduction in the influence of LTHR reactions and the effect of different fuel components is
minimized. This conclusion indicates that the level of fuel sensitivity is strongly dependent on engine
operating conditions, a theme that will be predominant in this report.
Shibata [20] examined the impact of different fuel blending components on the high temperature
heat release (HTHR) rate. He found that blending toluene with n-heptane leads to what was referred to
as a dual phase high temperature heat release (DP-HTHR). The DP-HTHR reduced the pressure rise rate
independent of the combustion phasing, leading to an extension of the high-load limit. Shibata
commented that the n-heptane reacts first, followed by the toluene in n-heptane/toluene blended fuels.
This work was continued in [21], when Shibata showed that DP-HTHR can also occur in gasoline blends,
rather than only the surrogate fuels used in the previous study. It was also shown that the existence of
DP-HTHR is effective in stabilizing the LTHR, leading to a more stable combustion phasing. In [22],
Shibata concluded that a dosage of toluene has the effect of stabilizing the LTHR and stabilizing the
combustion period against engine load. A statistical analysis of his results led to the formulation of a
correlation between the rate of pressure rise and a combination of combustion phasing and combustion
duration.
It should be noted that all of Shibata's work was conducted with no stratification present. As a
result, comparisons were conducted at IMEP values of less than 5 bar. With the presence of
stratification, and at higher IMEP values, the conclusions may need to be adjusted. Stratification leads
to ignition at various mixture conditions, while a higher IMEP will require higher fuel concentrations. As
Shibata found in [19], mixture conditions can impact fuel sensitivity. Therefore, it is not guaranteed that
similar observations will be found at higher load outputs.
Sjoberg [16] and Dec [17] both commented on how fuel selection can impact the effectiveness of
stratification in a CAl engine. It was decided that if the combustion phasing is highly dependent on
equivalence ratio, the fuel would take full advantage of fuel concentration stratification.
1.3 Research Motivation
A review of the literature regarding the high-load limit of CAI engines has demonstrated that there
has been research conducted on studying the individual role of intake conditions [9, 10], stratification [4,
11-17], and fuel selection [18-22]. It has been shown that the load limit can be extended by altering
each one of these variables individually. However, little has been done to study the mutual dependence
of intake conditions, fuel chemical kinetics, and stratification with respect to the high-load limit. It is
believed that a proper fuel selection procedure for CAI engines can be developed if the interdependence
of each of these variables is better understood.
The interdependence of intake conditions, chemical kinetics, and stratification can be explained with
the following logic. Given a temperature distribution, it is believed that fuels that have ignition
characteristics that are highly sensitive to temperature will have longer combustion durations. This
would occur because the ignition time of individual parcels in the combustion chamber will vary more
significantly, leading to a more sequential ignition of the charge. As a result, the MPRR can be reduced,
and the constraint on the high-load limit can be relaxed. Conversely, if the ignition characteristics of the
fuel are not sensitive t o temperature, the temperature stratification would likely not be effective.
Following the same logic, given a fuel concentration distribution, fuels that have ignition characteristics
that are sensitive to equivalence ratio will also have longer combustion durations. This demonstrates
that it is possible for chemical kinetics to impact the effectiveness stratification has on the high-load
limit. Considering that intake conditions can impact chemical kinetics, this demonstrates that there may
be interdependence between chemical kinetics, intake conditions, and stratification when determining
the high-load limit.
1.4 Research Approach
The primary objective of this research is to develop a fuel selection procedure for CAI engines that
can take advantage of the stratification imposed in the engine, which would then relax the constraint on
the high-load limit. This will be accomplished by studying how intake conditions and fuel chemical
kinetics can alter the effectiveness of stratification. It is important to note that fuel selection can also
impact the high-load limit directly by impacting the ignition point. This phenomenon is widely
understood [18], and will not be the subject of this research. It will be assumed that fuel selection
should only be made in the context of the impact on the effectiveness of stratification. It is also
assumed that engine operating conditions can be adjusted for any fuel to attain the desired combustion
phasing.
The objective of this research will be accomplished in four parts. Each part is summarized in the
remainder of this section.
1.4.1 Part I - Metric for the High-Load Limit
To accomplish the objective of this report, a reliable metric that indicates when the high-load limit in
CAI engine operation is reached. The Knock Intensity and Ringing Index outlined by Eng [3] will be
evaluated using data from a CAI engine. A suitable metric that indicates when the high-load limit is
reached will then be produced.
1.4.2 Part II - The Role of Stratification
To evaluate how stratification is related to fuel selection, the individual role of stratification on the
high-load limit must first be understood. As previously discussed, two types of stratification can be
employed: temperature stratification and fuel concentration stratification. Both types of stratification
will be employed in a CAl engine to establish their individual roles in determining the high-load limit. A
method for producing each type of stratification will also be established.
1.4.3 Part III - The Interdependence of Fuel Kinetics, Intake Conditions, and Stratification
The impact intake conditions and fuel chemical kinetics can have on the effectiveness of
stratification will then be studied. A number of different Chevron gasoline-blend fuels will be used for
this purpose.
The first step in this process is to determine the chemical kinetic behavior of the fuels. Past
researchers have examined the role of fuel in CAl engines by extracting fuel ignition characteristics from
the engine data. This makes it difficult to differentiate the role of fuel from the other engine variables.
In this research, the fuel will be defined and categorized in a Rapid Compression Machine (RCM), which
will provide ignition characteristics independent of the engine operation. The output of the RCM will be
the functional dependency of the ignition characteristics on temperature, concentration, and
equivalence ratio for a number of test fuels.
The same fuels will then be tested in a CAI engine operating with port injection and direct injection,
under different intake conditions. The results from the engine tests will then be linked with the ignition
characteristics obtained from the RCM. This will then establish the interdependence of chemical
kinetics, intake conditions, and stratification.
1.4.4 Part IV - Application
Once a link between intake conditions, fuel chemical kinetics, and stratification is established, a fuel
selection procedure can be developed. The results can also be used to better understand how intake
pressure impacts the high-load limit.
1.5 Research Objectives
In summary, the specific objectives of this research are:
1. The validity of the Ringing Index, a commonly used CAI knock metric, will first be examined.
2. The impact of thermal and fuel concentration stratification on the high-load limit must be
understood.
3. The interdependence of fuel chemical kinetics, intake conditions, and stratification will be
studied.
4. The interdependence between the three variables will be used to develop a fuel selection
procedure that takes advantage of stratification occurring in the engine. The impact of
intake pressure will also be examined more closely.
1.6 Report Outline
Chapter 2 will describe the experimental apparatus and modeling tools that have been developed
for the purpose of this research. As mentioned above, an RCM was designed to extract fuel ignition
characteristics independent of the engine. A CAl engine was also setup that is capable of testing
multiple fuels with different injection strategies. A single zone model, multi-zone model, and fuel
ignition correlation were also developed to help explain a number of observations from the engine tests.
Chapter 3 evaluates the Knock Intensity and Ringing Index metrics that are typically used to identify
the high-load limit. Results obtained from the CAI engine will be used to determine an appropriate
metric that should be used in the fuel comparison.
Chapter 4 outlines results that illustrate the impact of temperature and fuel concentration
stratification on the high-load limit. The method used to create the stratification will also be discussed.
Chapter 5 presents the ignition characteristics obtained from the RCM for three baseline gasoline
fuel blends. The unique features of each fuel will be highlighted.
Chapter 6 presents the CAI engine results obtained from the various test fuels. A fuel comparison
using direct injection and port injection will be conducted. The fuel comparison will be used to illustrate
the interdependency of fuel chemical kinetics, intake conditions, and stratification when determining
the high-load limit.
Chapter 7 applies the conclusions to present a framework for proper fuel selection in CAI engines.
The conclusions are also used to illustrate the various ways intake pressure can impact the high-load
limit.
A summary of all of the key conclusions will be presented in Chapter 8.
Chapter 2. Experimental Apparatus and Modeling Tools
2.1 Rapid Compression Machine
2.1.1 Overview
A Rapid Compression Machine (RCM) was designed to identify fuel ignition characteristics
independent of engine operation. A key feature of the RCM is its ability to rapidly compress a fuel and
air mixture in less than 10 ms, to ensure that reactions do not initiate during compression. After
compression is completed, the final mixture volume is then held for constant volume combustion. The
primary feedback during combustion is the in-cylinder pressure trace. A Kistler 6125A piezoelectric
pressure transducer, coupled with a Kistler 5010 charge amplifier, was used to obtain the pressure trace.
The pressure trace is used to determine the time it takes for ignition to occur (ignition delay time) and
the heat release rate. Appendix A includes the detailed operating procedure for the RCM designed,
using the valve numbering specified in the figures provided in this section.
2.1.2 RCM Specifications
Table 2-1 provides the key specifications and dimensions of the RCM.
Table 2-1 RCM design specifications and component limitations
Combustion Piston Diameter [m] 0.0508
Stroke [m] 0.2032
Compression Ratio 8,10,12,14,16,18,20
Maximum Combustion Pressure - no sampling [bar] 200
Maximum Combustion Pressure -sampling [bar] 80
Pneumatic Piston Diameter [m] 0.127
Pneumatic Pressure [psi] 250
Hydraulic Pressure [psi] 2000
Maximum Initial RCM Pressure [torr] 2000
Maximum Initial RCM Temperature [*C] 100
Maximum Mixture Preparation Unit Pressure [bar] 3
Maximum Mixture Preparation Cylinder Temperature ["C] 80
Maximum Mixture Preparation Network Temperature [*C] 60
The RCM was designed based on a previous design at MIT [23], with considerable differences in the
method of mixture preparation, the range of compression ratios, mixture sampling capabilities, peak
allowable combustion pressure, and general orientation and setup.
2.1.3 RCM Core Features and Operation
Figure 2-1 provides a cross-section of the RCM with the main components identified. Beginning
from the bottom, the pneumatic chamber is pressurized on the bottom-facing side of the pneumatic
piston with high pressure nitrogen (250 psi). The hydraulic chamber is filled with pressurized hydraulic
oil and is sealed on the top-facing side of the hydraulic piston. The combustion chamber contains the
fuel and air mixture, which is compressed with the combustion piston. The combustion piston and
hydraulic piston are connected with the hydraulic shaft, and the hydraulic piston and pneumatic piston
are connected with the pneumatic shaft. The two shafts and the three pistons make up the RCM
moving assembly.
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Figure 2-1 RCM drawing, core features, and nomenclature
Rapid compression is achieved through the following steps:
1. With the moving assembly in the lowest position, the hydraulic oil is pressurized to 2000 psi.
2. The pneumatic chamber is then pressurized to 250 psi. Even with the 6:1 ratio in the
pneumatic piston to hydraulic piston area, the pneumatic pressure is not enough to move
the moving assembly.
3. The hydraulic pressure is then released by expanding the high pressure line to atmospheric
pressure (using the hydraulic network outlined in the next section).
4. At this point, there is a large pressure imbalance due to the existing pneumatic pressure,
which causes the moving assembly to move upwards.
5. The moving assembly will then reach a point where the annular pin in the hydraulic piston
enters a tight groove (the "pin and groove mechanism" in Figure 2-1). Due to the tight
clearance between the pin and groove, along with the incompressibility of hydraulic oil,
large viscous forces then slow down the moving assembly, to approximately 5 m/s.
6. The moving assembly stops when the pin hits the end of the groove. The pneumatic
pressure holds the moving assembly in place for the subsequent combustion (up to 200 bar)
that occurs in the combustion chamber.
2.1.4 Hydraulic Network
A schematic of the hydraulic network is given in Figure 2-2. Some key components include:
e The oil reservoir contains the hydraulic oil and is pressurized during the oil filling process.
e A pump that is used to pressurize the oil and push the moving assembly in the RCM upwards
during setup and maintenance procedures.
* A belt-driven vacuum pump is used to evacuate the combustion chamber, hydraulic
chamber (when filling with oil), and pneumatic chamber (when bringing the moving
assembly down).
e The Oil/N 2 separator is used to ensure that the nitrogen used to pressurize the hydraulic oil
does not penetrate into the oil lines (past the isolation valve V3).
* The Hydraulic Pressure Release Piston (HPRP) is used to expand the high pressure hydraulic
oil to atmospheric pressure.
* The auxiliary oil reservoir is used to automatically fill the hydraulic chamber when the oil
level drops. It is also used to vent the bottom of the hydraulic piston when the hydraulic
chamber is pressurized
e There are three pressure gauges used to measure the hydraulic chamber pressure,
pneumatic chamber pressure, and oil reservoir pressure.
Figure 2-2 RCM hydraulic network schematic
2.1.5 Mixture Preparation Unit
A schematic of the Mixture Preparation Unit (MPU) is given in Figure 2-3. There are three separate
devices used for reading absolute pressure, which are used at different stages of mixture preparation
(due to different levels of accuracy and location). There are also three lines and metering valves
connected to admit the desired portion of oxygen, nitrogen, argon, or any gaseous fuel. There is also a
port where liquid fuel can be admitted using a syringe. Finally, there is a built in mixing fan which is
connected to the MPU with a vacuum feed-through, and is driven by an AC motor. This fan is used to
obtain a homogeneous mixture.
Figure 2-3 Mixture Preparation Unit (MPU) Schematic
The MPU has been designed to provide a homogeneous mixture that can be admitted into the RCM.
The volume of the MPU is approximately 10 times larger than the combustion chamber. The maximum
pressure is approximately 3 bar, which is limited by the maximum absolute pressure reading achievable
and the leak rate of the vacuum feed-through. Depending on the amount of mixture admitted into the
RCM, one batch can typically last for approximately 10 runs. The batch cannot be used after the
pressure falls below atmospheric, due to the possibility of air leaking into the mixture, which would alter
its composition.
All of the surfaces of the MPU are heated to ensure that the liquid fuel (which is admitted with a
syringe) fully vaporizes. The required temperature is determined based on the amount of fuel that is
being admitted, the components in the fuel, and the fuel's saturation curve.
2.1.6 Sampling Apparatus
The sampling apparatus consists of 16 sampling cylinders, an absolute pressure gauge used to
measure the amount of gas sampled, and a vacuum pump used to evacuate the lines and sampling
cylinders. The sampling apparatus has been designed to sample up to three times during the constant
volume combustion process. A special sampling head has been prepared that contains three fast acting





sampling valves. After a sample is drawn into the sampling cylinders, the sampling apparatus is used to
dilute the sample and prepare it to be admitted into a Gas Chromatograph (GC) for analysis.
2.1.7 Obtaining Desired Operating Conditions
The initial conditions of the RCM before compression are set according to the desired conditions after
compression is completed. The initial conditions that can be varied include:
1. RCM initial temperature
2. Initial molar concentration or pressure
3. Compression ratio - the compression ratio can be easily changed from 8 to 20 (in
increments of 2) by changing the spacers at the head of the combustion chamber
The final compression temperature is determined by assuming the combustion core is compressed
isentropically (adiabatic core hypothesis). As a result, the final compression temperature can be
obtained using the following relationship (using the measured end of compression pressure):
compression dT Pcompression [2.1]
Cp (T) -= Ruln iita
JTinitial initial
2.2 Engine Setup
A modified Renault F9Q B800 common rail diesel engine was operated in CAl mode for the purpose
of this study. The engine specifications are given in Table 2-2. The information was obtained from the
Mitsubishi F9Q series manual [24]. The engine is driven by a Leeson Wattsaver 10 hp electric motor,
and loaded with an AE 150 HS dynamometer. The motor power is controlled with a Durapulse 15 hp
motor speed controller.
Table 2-2 Engine specifications
Description Specification
Number and arrangement of cylinders 4 in-line
Total displacement 1870 cm3
Cylinder bore x stroke 80 mm x 93 mm
Compression ratio 19
Valve mechanism Single overhead camshaft
Valve timing Intake opening BTDC 30
Intake closing ABDC 210
Exhaust opening BBDC 460
Exhaust closing BTDC 60
Fuel injection system Direct injection common rail
2.2.1 Intake and Exhaust System
The engine was converted to run under single cylinder operation to reduce fuel consumption and
eliminate issues with cylinder variations. Separate intake and exhaust runners were created for the
firing cylinder, while the original manifolds were modified to connect to only the non-firing cylinders.
The original turbocharger connected to the engine was removed. In its place, a separate intake air
system (adapted from Wildman [5] and Scaringe [6]) was connected to the intake of the firing cylinder.
The system was designed to operate at an absolute pressure range of 1 bar to 2 bar, and an intake
temperature range of 40 'C to 140 'C, independent of engine operation.
A schematic for the intake and exhaust system is given in Figure 2-4. The air first flows through a
Kurz 505 thermal anemometer, which measures the air mass flow by determining the level of current
required to keep a velocity element heated at the same temperature [25]. The air then enters the first
damping tank, and is passed through a Mini Cooper supercharger driven by a Marathon Electric 10 hp
motor. The pressurized air is then passed through an intercooler which brings the temperature down to
approximately 30 'C (depending on the desired air pressure). The air then flows through a second
damping tank, where it is then directed to a Sylvania 6 kW heater. The heated and pressurized air is
then directed to the intake of the firing cylinder. The exhaust from the engine is then passed to a third
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Figure 2-4 Engine intake system schematic
The intake pressure is adjusted by a valve which directly connects the two intake damping tanks.
The valve position is controlled by the intake stepper motor, which is driven by a Danaher Motion
P70360 micro stepping motor drive. As the valve opens, the pressure in the first damping tank
increases, which reduces the air flow into the supercharger, and consequently reduces the intake
pressure. The pressure can also be controlled by adjusting the power supplied to the motor driving the
supercharger (a Durapulse 10 hp motor controller was used). The first method is desirable because it
gives the air flow an outlet in case the engine stalls.
The exhaust pressure is adjusted by a valve connecting the exhaust damping tank to the laboratory
trench. The valve position is controlled by the exhaust stepper motor, which is driven by a Danaher
Motion P70360 micro stepping motor drive. As the valve closes, the back pressure increases, leading a
higher exhaust pressure.
The intake temperature is controlled by the power supplied to the heater. An Avatar A3Z power
controller, coupled with an Omega CN77000 series controller was used for this purpose. The intake
temperature is measured on the intake runner connected to the firing cylinder.
To TrenchMini Cooper Supercharger
2.2.2 Fuel Delivery System - Direct Injection
To accomplish the objectives of this research, the engine must be capable of switching from many
different fuels. The specific requirements for the direct injection fuel delivery system are:
* Change 'test' fuels with little effort
* Revert back to baseline diesel fuel at any time
* Handle highly volatile fuels
e Maintain stable direct injection fuel pressure (150 bar to 1000 bar)
e Enable engine operation at low and high loads (1.5 < A < 5)
e Allow for flexible injection timing, and enable multiple injections
The above requirements were achieved with the system shown in Figure 2-5. It can be seen that
there are two fuel tanks. One tank always contains diesel fuel, and is used to move back to the
compression ignition diesel baseline condition. The second tank contains the gasoline based test fuel
that will be run in CAI mode.
The fuel from either tank first passes through a three-way valve. This valve will determine which
fuel enters the engine. The fuel will then pass through a fuel filter, and into an engine driven fuel pump.
The fuel pump is controlled by a solenoid valve, which is driven by a PWM controller. The PWM
controller duty cycle is controlled in closed loop based on the desired fuel pressure and the actual fuel
pressure.
The portion of the fuel that is compressed to maximum pump pressure is fed to the fuel rail, where
it can then be directed to the fuel injector of the firing cylinder. The fuel injector is controlled by a
custom injector driver, that produces the opening and holding current based on the desired injection
timing and duration.
A large portion of fuel that passes through the fuel pump is bypassed away from the fuel rail (based
on the solenoid valve position). In the case of diesel fuel, the fuel can be returned directly to the fuel
tank. However, with gasoline based fuels, the expansion from high pressures can lead to flash boiling,
which would alter the fuel's composition if the fuel components do not condense before re-entering the
fuel tank. This is accomplished with a heat exchanger that brings the fuel's temperature down to the
temperature of the city water supply (10 'C to 20 'C).
Figure 2-5 Engine direct injection fuel delivery system schematic
2.2.3 Fuel Delivery System - Port Injection
A port fuel injector, with a separate fuel tank, was also added to the firing cylinder. The injector is
placed on the intake runner, oriented towards the intake valve. The fuel delivery system uses a
standard fuel pump and pressure regulator common in SI engines. The fuel pressure was set to 40 psi
for the engine runs. The return line from the pressure regulator first passes through a heat exchanger
(cooled with an ice bath), then back into the fuel tank. Coupled with the built-in direct injector, the
engine is capable of running with port injection, direct injection, or a combination of the two.
2.2.4 Coolant System
The engine cooling system schematic is shown in Figure 2-6. The engine is cooled with 30 L of 50/50
glycol/water mixture. The coolant is first passed through a Berkeley 3/4 hp centrifugal pump into the
engine. A flow recirculation line was added to reduce the coolant flow by increasing the upstream
pressure. Coolant leaving the engine enters a heat exchanger that is cooled by city water. The coolant
temperature is controlled by a rod heater (38.5 ohms) and a solenoid valve which controls city water
flow into the heat exchanger.
Rod Heater
Figure 2-6 Engine cooling system schematic
2.2.5 Engine Controls and Feedback
A summary of the engine control variables is presented in Table 2-3.
Table 2-3 Engine control variable summary
Control
Variable Sensing Instrument Method of Control
Dynamometer Speed Power input into electric motor driving engine and dynamometer. TheEngine Speed Pick-Up motor is loaded at a fixed load by the dynamometer. Motor power is
adjusted to attain desired engine speed.
Honeywell 9301202 1. Position of valve connecting damping tanks 1 and 2Inlet Pressure Absolute Pressure 2. Power input into electric motor driving superchargerTransducer
Exhaust Omegadyne Absolute Position of valve connecting exhaust damping tank (damping tank 3) to
Pressure Pressure Transducer trench
Coolant Rod heater power and solenoid valve controlling cooling water into
Temperature heat exchanger [closed loop control]
Inlet
Temperature Thermocouple Power input into intake heater [closed loop control]
Fuel Pressure Bosch Pressure Sensor Duty cycle into PWM driver connected to fuel pump solenoid valve[closed loop control]
Timing N/A Direct input into custom injector driver
Duration N/A Direct input into custom injector driver




Table 2-4 Engine feedback variable summary
Feedback Variable Sensing Instrument
In-Cylinder Pressure Kistler 6055 piezoelectric pressure transducer, coupled with a Kisler5010 charge amplifier
Air Flow Rate Kurz 505 thermal anemometer
Excess Air Ratio Horiba Mexa-720NO, NO, Analyzer
NO, Level Horiba Mexa-720NO, NO, Analyzer
Engine Noise (Ringing) Yamaha MG10/2 Mixing Console + Graphic Equalizer
Crank angle counter Litton Rotary Shaft Encoder
2.3 Engine Simulation Models
2.3.1 Single Zone Model
An engine simulation model has been created to predict the average mixture conditions as a
function of engine CAD under motored conditions. It can be used to determine the appropriate
conditions that should be selected for the RCM to match the engine experiments. It can also be used to
provide the average gas temperature and concentration at the ignition point, which would be useful
during data analysis.
The model follows many of the equations presented by Heywood [26] for cylinder volume change,
heat transfer, and mass transfer. The in-cylinder pressure can be predicted using the heat release
analysis equation presented by Heywood, and by setting the chemical energy release term to zero (to
predict motored conditions). As a result, the pressure can be numerically solved with the following
equations:
y10= PdV+ VdP+ dP+dQhty-1 y-1
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The Woschni correlation was used to predict the heat transfer coefficient, he. Note that this model
was only used under motoring conditions. As a result, the combustion velocity term was dropped
(C2 = 0).
With regards to mass transfer, the simulation model assumes that the temperature of the gas
entering the crevice volume equals the chamber temperature, while the temperature of the gas leaving
the crevice equals the wall temperature. Based on this assumption, T' and y' represent the conditions of
the chamber if mass flows into the crevice and represent the conditions of the wall if mass flows out of
the crevice. The size of the crevice volume was adjusted such that the motored pressure trace output
from the model matches the motored trace from the engine experiments. It was found that the crevice
volume should be set to 3% of the clearance volume.
Finally, the specific heat ratio follows a linear dependence with temperature. The constants, a and
b, were calculated based on the specific heat values at 500 K and 1000 K.
2.3.2 Multi-Zone Model
As described in Section 1.1, naturally occurring stratification in the combustion chamber can lead to
sequential ignition in CAI engines. As a result, to model the CAI engine combustion process, it must be
possible to model the impact of a temperature and fuel concentration distribution. A phenomenological
thermodynamic combustion model that consists of multiple combustion zones was created for this
purpose. For simplicity, only work transfer between the combustion zones is considered. The work
transfer between the zones is adjusted in order to maintain a uniform pressure. No heat or mass
transfer is modeled between the zones.
The initial temperature, initial volume, and pressure for each combustion zone are uniform. To
develop temperature stratification, a different polytropic constant is assigned to each zone. Since each
zone would occupy a different portion of the combustion chamber, it is realistic to assume that the heat
transfer rate, and hence the polytropic constant, should be different. The polytropic constant for each
zone is calculated as a percentage of the temperature dependent specific heat ratio. The specific heat
ratio follows linear temperature dependence, and varies with the local zone equivalence ratio. The
polytropic constant can theoretically be higher than the specific heat ratio due to heat transfer into the
zone early in the compression process (when the gas temperatures are lower than the wall
temperatures).
Fuel concentration stratification can be imposed directly in the model by assigning different
equivalence ratios to different zones. The assigned equivalence ratio distribution can be created based
on observations from the engine experiment.
Local evaporative charge cooling due to direct injection can also be modeled for each zone. It can
be assumed that 50% of the heat of vaporization to vaporize the liquid fuel will come from the gases.
Therefore, after fuel injection, the local zone temperature will decrease based on the amount of fuel
injected.
Zone ignition times are based on the Livengood and Wu integral model [27], which assumes ignition
occurs when the integral of the inverse of the ignition delay time reaches a value of 1. The ignition delay
time can be modeled, and will be discussed in the following section.
1 1[2.6]
- dt = 1
The main equations for the simulation model consist of two separate blocks. The first block of
equations is used to simulate the compression and expansion of the cylinder gases during the
compression and expansion strokes. It cannot be used when a zone is igniting or fuel is being injected.
If each zone follows a polytropic process, the pressure is equal in each zone, and the total chamber
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The chamber volume, Ve, is calculated based on the crank angle. If there are Nz zones, it can be seen
that there are Nz +1 equations, and N, +1 unknowns (the new chamber pressure, P2, and the new zone
volumes, V,2). For each time step, a new chamber volume is calculated, which then leads to a new
chamber pressure and new local zone volumes.
The second block of equations in the simulation model is used in the instance when fuel is injected
or if a zone is igniting. In this block, the total volume of the chamber does not change. Therefore, it
assumes that fuel injection and zone ignition does not take any time to complete. In essence, this block
simply reorganizes the zones based on the new zone conditions (if fuel has been injected or a zone has
ignited). The first equation is based on a first law analysis of the entire chamber volume, assuming an
energy input (if igniting) or output (if injecting fuel) of AE. It is used to get the new chamber pressure.
Note that it is approximated that the number of moles remains constant.
E Nz ~ Ru [2.9]
P2 = + NiT C
With the new chamber pressure known, it can be assumed that the zones that do not have an
external energy input/output due to fuel injection or ignition will compress isentropically. The new
temperature for those zones could then be calculated. The temperature for the one zone that does
have an external energy input/output can then be calculated with volume conservation.
2.4 Fuel Ignition Delay Model
To model the ignition time of each zone in the combustion chamber, a fuel ignition delay model is
required. The ignition delay time gives the time it takes for ignition to occur at a given initial
temperature (T), molar concentration (n), and equivalence ratio (#5). As a result, the ignition delay time
is a function of those three variables. The following correlation can be used to describe the ignition
delay at different conditions:
C= Zpa(T)nP(T)exp[A (T)] [2.10]
The approach used to develop this correlation was inspired by [28]. A simpler curve fitting
technique can be used in this report since the range of temperature values that are of interest is much
smaller. In order to model the complex dependency of the ignition delay time with temperature, a
fourth order polynomial was used for a(T), P(T), and A(T). A method that can be used to select the
polynomials to match a given data set must be devised.
The first step is to find ct(T). Two data sets (each data set gives the ignition delay time versus
temperature) that have the same molar concentration, but different equivalence ratios, are needed for
this purpose. Each of the data sets must be tested at a similar temperature range. If the tested
temperature values differ in each data set, an interpolation can be performed to compare the data sets
at the same temperature. For each temperature, ai can be calculated with the following equation:
In (2) [2.11]
In (2)
A fourth-order polynomial can be fit through the ai points to create a(T). Note that if more than two
data sets are available, the a(T) should be fit through all of the ai points calculated (regardless if more
than one molar concentration is used).
The same procedure should be used to find P(T). However, the data sets being compared should
have the same equivalence ratio, but different molar concentrations. The Pi points can be calculated
with the following equation:
In (L) [2.12]
In (2)
With a(T) and 1(T) known, Xi can be calculated for each data set point using Equation [2.13]. A curve
fit of the Xi points can then be completed to find X(T). Finally, the coefficient, Z, can be adjusted to
insure that the linear fit of the actual ignition delay time versus the modeled ignition delay time has a
slope of 1.
i n __________T' [2.13]
Chapter 3. Evaluation of CAI Engine Knock Metrics
The first phase of this report examines possible metrics that can be used to define when the high-
load limit is attained. Yelvington [1] and Eng [3] developed methods that can be used to define the
onset of knock. Both methods will be discussed in this section.
3.1 In-Cylinder Pressure Trace
Eng's [3] knock metric is based on features extracted from a knocking pressure trace. A sample
pressure trace for 10 cycles, obtained under knocking conditions, is given in Figure 3-1. Note that the
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Figure 3-1 Sample in-cylinder knocking pressure trace; 10 cycles
An important feature of the pressure trace is the Maximum Pressure Rise Rate (MPRR), which is
obtained by numerically differentiating the low pass filtered pressure trace given in Figure 3-2. At a
given condition, the MPRR is averaged over 3 seconds of sample data. Therefore, at an engine speed of
1300 rpm, 32 cycles are collected. The individual MPRR of each cycle is then averaged to represent the
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Figure 3-2 Sample in-cylinder knocking pressure trace; low pass filtered (4 kHz), 10 cycles
The amplitude of the pressure oscillation is also used to define the Knock Intensity. This is obtained
by filtering the original pressure trace with a band pass filter of 4 kHz to 20 kHz. The result is shown in
Figure 3-3 for 10 cycles of a knocking pressure trace. Note that the pressure oscillation for a given
condition would represent the averaged maximum oscillation obtained from each recorded cycle. The
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Figure 3-3 Sample in-cylinder knocking pressure trace; band pass filtered (4 kHz to 20 kHz), 10 cycles
3.2 Microphone Signal
To evaluate the ability of the Knock Intensity proposed by Eng [3] to predict the onset of audible
knock, a microphone was placed on top of the firing cylinder. The recorded signal was then passed to a
band pass filter (4 kHz to 20 kHz). The cycle-averaged maximum voltage can then be compared to the
Knock Intensity. A sample filtered microphone signal for 10 cycles is given in Figure 3-4. The cycle-
averaged maximum voltage for this case is 0.36 V. The condition shown matches the condition used in
Figure 3-1 to Figure 3-3.
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Figure 3-4 Sample microphone signal from knocking condition; band pass filtered (4 kHz to 20 kHz),
10 cycles
3.3 The Knock Intensity
The validity of the Knock Intensity correlation presented by Eng [3], and shown in Equation [1.6], for
predicting the onset of CAI engine knock will now be examined. The first set of results are based on the
engine operating with direct fuel injection at 210 CAD after TC, a fuel pressure of 500 bar, an engine
speed of 2100 rpm, an MAP of 1.9 bar, and an inlet air temperature of 40 "C. The Knock Intensity was
varied by increasing the amount of fuel injected, which increased the total engine power output. The













Figure 3-5 Filtered microphone signal versus Knock Intensity; direct injection, MAP = 1.9 bar,
Injection Timing = 210 CAD, Fuel Pressure = 500 bar, Tin = 40 *C, 2100 rpm
It can be seen that the Knock Intensity does increase as the filtered microphone output increases.
There is also a rise in the microphone output as the Knock Intensity passes 1 MW/m 2. The filtered
pressure and microphone data for three of the points shown can be found in Figure 3-6, Figure 3-7, and
Figure 3-8.
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Figure 3-6 Filtered pressure and microphone signal for high knock condition; Knock Intensity =
7.13 MW/m 2
MPRR= 20.5 MPa/ms, AP = 0.27 MPa, KI=1.51 MW/mn2, MIC = 0.41 V, P, = 157 bar
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Figure 3-7 Filtered pressure and microphone signal for moderate knock condition; Knock Intensity =
1.51 MW/m 2





Figure 3-8 Filtered pressure and microphone signal for no knock condition; Knock Intensity =
0.57 MW/m 2
Based on the above results, it is clear that the Knock Intensity does relate to the audible noise.
However, it is important to vary the engine conditions to produce a range of in-cylinder pressure and
temperature values. The engine variables tested include engine speed (1300 rpm to 2300 rpm), intake
pressure (1.1 bar to 1.9 bar), injection timing (-2 CAD to 345 CAD after TC), injection pressure (250 bar to
500 bar), and intake temperature (40 "C to 80 *C). Figure 3-9 displays the filtered microphone signal
versus the calculated Knock Intensity.
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Figure 3-9 Filtered microphone signal versus Knock Intensity with MAP dependency displayed; range
of injection timing, fuel pressure, intake temperature, and engine speed values used;
multiple fuels used
It can be seen that the Knock Intensity correlation can adequately predict the knock level in a CAI
engine. There is a discernable bend in the curve in the range of 5 to 10 MW/m 2. The selection of
2 MW/m 2 by Eng [3] is understandable based on these results. The maximum value used in this report
will be 3 MW/m 2.
3.4 The Ringing Index
To simplify the Knock Intensity relationship, Eng [3] approximated the pressure oscillation amplitude

















To examine the viability of the Ringing Index, the predicted pressure oscillation based on Eng's [3]
correlation was compared to the measured AP. The first data set tested, shown in Figure 3-10, contains
points with fuel injection at 300 CAD after TC. The black line represents the correlation proposed by Eng
[3]. It can be seen that most of the data points do follow the correlation, with the exception of the low
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Figure 3-10 Pressure oscillation versus MPRR with engine speed dependency displayed; comparison
against Eng pressure oscillation correlation; direct injection, MAP = 1.5 bar, Injection
Timing = 300 CAD, Fuel Pressure = 500 bar, Tin = 40 "C; multiple fuels used
The second data set focuses on runs with a low engine speed (1200 rpm), and various injection
timing values. It can be seen that as the injection timing approaches the end of compression, the
correlation becomes more accurate. However, injection during the intake stroke and the early part of
the compression stroke leads to AP values much lower than what is predicted by the correlation.
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Pressure oscillation versus MPRR with injection timing dependency displayed; comparison
against Eng pressure oscillation correlation; direct injection, MAP = 1.1 bar and 1.9 bar,
Fuel Pressure = 250 bar and 500 bar, Tin = 40 *C and 80 C, 1200 rpm; multiple fuels used
The third data set examines only port injection (Figure 3-12). The engine speed was set at 1200 rpm
for an MAP of 1.1 bar, 1600 rpm for an MAP of 1.5 bar, and 1900 rpm for an MAP of 1.9 bar. It can be
seen that the correlation over predicts the pressure oscillation amplitude for all conditions.
Figure 3-11
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Figure 3-12 Pressure oscillation versus MPRR with MAP dependency displayed; comparison against
Eng pressure oscillation correlation; port injection, Ti,, = 40 "C to 140 "C, 1200 rpm to 1900
rpm; multiple fuels used
The final data set provides the results for early injection (210 CAD after TC), and multiple intake
pressure values. The engine speed was varied from 1300 rpm to 2300 rpm. It can be seen that the
measured AP is much lower than what is predicted by the correlation presented by Eng (3]. It can also
be seen that the difference is larger for cases with a higher intake pressure. Also, it is clear that there
are a number of data points that give a near zero pressure oscillation value, even though the correlation
assumes much larger values.
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Figure 3-13 Pressure oscillation versus MPRR with MAP dependency displayed; comparison against
Eng pressure oscillation correlation; direct injection, Injection Timing = 210 CAD, Fuel
Pressure = 250 bar and 500 bar, Tin = 40 OC to 80 OC, 1300 rpm to 2300 rpm; multiple fuels
used
3.5 A Unified Knock Theory
It will be shown in Chapter 4 that late direct injection leads to the lowest knock-limited NIMEP, and
therefore less sequential ignition. This occurs because the large local concentration of fuel leads to a
high local volumetric heat release rate. Early direct injection leads to the highest knock-limited NIMEP,
and therefore the most gradual ignition. Also, port injection does exhibit strong sequential ignition due
to temperature stratification. Therefore, based on the results from the previous section, Eng's [3]
correlation for pressure oscillation performs well only when the charge ignites spontaneously, as
opposed to sequentially. It can also be concluded that the assumption that there will always exist a
degree of pressure oscillations holds true only when ignition is spontaneous, and sequential ignition is
not present.
At this point, it is possible to now move back to the theory presented by Yelvington [1]. Yelvington
did not assume that there will always be pressure oscillations. A threshold that dictates when pressure
oscillations are formed was created by setting a limit on the volumetric expansion rate of an igniting
zone.
Using the foundation of Yelvington's [1] theory, a threshold for pressure oscillations can be set
based on the acoustic work per unit volume that is performed by the heat release region. This would
lead to a threshold based on the following equation:
P dV P P Lc" T [5.1]
MPRRTHRESHOLD " V dt 4rc = MPR RT 0  c T -
lt can be assumed that the driving force for pressure oscillations can then be expressed as the
threshold value subtracted from the MPRR. As a result, the correlation for the amplitude of pressure
oscillations used in the Ringing Index should be expressed as:
dP P Lc" T 
[5.2]
dt max MPRR Lc TO
The new correlation can use the same 3 = 0.05 ms as Eng [3], which is one quarter of the first
resonant mode. By setting the standard pressure (PO) to 100 bar, the standard temperature (70) to
1500 K, and the standard length scale (Leo) to the combustion scale attained with sequential ignition, the
standard MPRR (MPRRT") can be selected such that the new correlation matches the experimental data.
If only the results with early direct injection (plotted in Figure 3-13) are used, it can be assumed that
Le=Lco for every data point, since sequential ignition is always expected with early direct injection. As a
result, it was found that MPRRT should be set to 9 MPa/ms for the best fit of the data set.
The new correlation can now be compared to the experimental results (Figure 3-14) for early direct
injection. It can be seen that the modified correlation does a much better job matching the
experimental pressure oscillations (compared to Figure 3-13). It is assumed that Lc0/Le=1 for all data
points. It should also be noted that the different MAP values now all fall on the same line. This occurs
because the MPRR threshold increases at higher combustion chamber pressure values. This is expected,
because if the underlying pressure is higher, the rate of pressure increase will be higher for the same
volume change rate (dictated by the speed of sound).
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Figure 3-14 Pressure oscillation versus MPRR-MPRRTHRESHOLD with MAP dependency displayed;
comparison against modified pressure oscillation correlation; direct injection, Injection
Timing = 210 CAD, Fuel Pressure = 250 bar and 500 bar, Tin = 40 *C to 80 *C, 1300 rpm to
2300 rpm; multiple fuels used
The same comparison can be conducted using the results obtained with port injection (Figure 3-15).
It can be seen that the new correlation does accurately predict the pressure oscillation amplitude under
the conditions tested. Similar to the previous results, it is assumed that Le0/Le=1 for all data points, since
this condition will also lead to sequential ignition (the coolant temperature was set to 50 *C, leading to
temperature stratification).
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Figure 3-15 Pressure oscillation versus MPRR-MPRRTHRESHOLD with MAP dependency displayed;
comparison against modified pressure oscillation correlation; port injection, Ti,, = 40 *C to
140 *C, 1200 rpm to 1900 rpm; multiple fuels used
Figure 3-14 and Figure 3-15 test the modified correlation with engine results that exhibit sequential
ignition (this will be proven in the next section). The correlation can also be tested for conditions with
less stratification, leading to less sequential ignition. As mentioned previously, as injection is delayed,
the knock-limited NIMEP decreases, indicating less sequential ignition. The accuracy of the correlation
under these conditions is shown in Figure 3-16 (Le0/Le=1 for all data points). It can be seen that with late
injection, most of the points fall above what is predicted by the modified correlation. This is expected,
because the combustion length scale increases with late injection due to the concentration of fuel in
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Figure 3-16 Pressure oscillation versus MPRR-MPRRTHRESHOLD with injection timing dependency
displayed; comparison against modified pressure oscillation correlation; direct injection,
MAP = 1.1 bar and 1.9 bar, Fuel Pressure = 250 bar and 500 bar, Tn = 40 *C and 80 *C, 1200
rpm; multiple fuels used
The same analysis can be conducted with only late injection, but at various engine speeds. If it is still
assumed that Le0/Le=1, it can be seen that the modified correlation under predicts the pressure
oscillations for all cases. Once again, this occurs because the combustion length scale increases with
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Figure 3-17 Pressure oscillation versus MPRR-MPRRTHRESHOLD with engine speed dependency displayed;
comparison against modified pressure oscillation correlation; direct injection, MAP =
1.5 bar, Injection Timing = 300 CAD, Fuel Pressure = 500 bar, Tin = 40 "C; multiple fuels used
3.6 Sequential Ignition Index
The Sequential Ignition Index (SIl) can be formulated by determining the combustion length scale
that would match the measured pressure oscillation amplitude to the prediction given by the modified
correlation. The following relationship can be used:
(dP dPMEASURED [5.3]
L = k dt max
Lc fMPRRT P
The SiI has been defined such that 0% indicates no sequential ignition (the measured pressure
oscillation matches the original prediction by Eng's correlation since Le0/Lc=0) and 100% indicates
complete sequential ignition (Le0/Le=1). Using the above relationship, the SI1 can be plotted for different
engine speeds (Figure 3-18). The data plotted is the same data shown in Figure 3-17. It can be seen that
the SIl is near 100% for the lowest engine speed condition, which indicates that the combustion length
scale is similar to the value obtained with sequential ignition. The Sll is near 0% for the highest engine
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Figure 3-18 Sequential Ignition Index versus engine speed; direct injection, MAP = 1.5 bar, Injection
Timing = 300 CAD, Fuel Pressure = 500 bar, Tn = 40 *C; multiple fuels used
A similar plot can be shown which varies the injection timing, while maintaining a constant engine
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Figure 3-19 Sequential Ignition Index versus injection timing; direct injection, MAP = 1.1 bar and 1.9
bar, Fuel Pressure = 250 bar and 500 bar, Ti, = 40 *C and 80 "C, 1200 rpm; multiple fuels
used
3.7 Significance of Functional Dependencies in Modified Correlation
By examining the modified correlation, appropriate engine operating conditions that can be used to
extend the high-load limit can be extracted. For a given MPRR, a larger pressure will lead to smaller
pressure oscillations. As a result, it would be beneficial to operate at a higher compression ratio or a
higher MAP value. It should also be noted that the Knock Intensity is inversely proportional to pressure.
As a result, at a given pressure oscillation amplitude, a larger pressure also reduces the energy flux of
the pressure waves. Both of these factors can result in a significantly larger load limit with engines
operating at higher combustion pressure values.
It should be noted that increasing the pressure with a higher compression ratio will directly increase
the MPRR, since the volumetric heat release rate increases (due to the smaller combustion chamber
volume). Therefore, increasing the combustion pressure with a higher MAP may be more effective.
However, it is important to maintain the same combustion phasing, or the MPRR can also increase at
higher MAP values.
The pressure oscillation amplitude also has a weak dependence on temperature, where a larger
temperature can reduce the amplitude. However, since low temperature combustion is needed to
ensure low NOx emissions, this likely cannot be used to extend the load limit.
Finally, the pressure oscillation amplitude is reduced at lower combustion length scales. Therefore,
stratification can reduce the pressure oscillations at a fixed MPRR. Stratification also directly reduces
the MPRR by increasing the combustion duration. As a result, stratification can be an effective strategy
for increasing the engine's high-load limit.
3.8 Conclusions
It has been shown that the Knock Intensity defined by Eng [3] accurately predicts the onset of knock
for a wide variety of engine conditions. It has been concluded that the high-load limit for this report will
be set when the Knock Intensity reaches 3 MW/m 2.
Eng's [3] correlation for the pressure oscillation, used in the Ringing Index, is not accurate when
sequential ignition occurs. Therefore, the Ringing Index cannot be used as a measure of the high-load
limit. A modified correlation that considers the MPRR, chamber pressure, chamber temperature, and
combustion length scale has been presented. This correlation demonstrates that the pressure
oscillation amplitude can be reduced, at a given MPRR, by increasing the combustion pressure, by
increasing the combustion temperature, or by increasing stratification, which reduces the combustion
length scale.
This finding illuminates the significance of the selected MAP value and level of stratification in CAI
engines. A higher MAP increases the chamber pressure, which reduces the pressure oscillation
amplitude. Since the energy flux of the pressure wave is also inversely proportional to pressure, a
higher MAP significantly extends the allowable MPRR at a given wave intensity. Also, stratification
reduces the combustion length scale which reduces the pressure oscillation amplitude at a given MPRR.
Stratification also directly reduces the MPRR, due to a more gradual heat release. As a result, sequential
ignition can be extremely effective in extending the engine's load limit.
Chapter 4. The Role of Stratification
4.1 Temperature Stratification
Temperature stratification is naturally present in all engines. The relatively cool cylinder walls lead
to a temperature gradient in the combustion chamber. As demonstrated in [4], it is possible to alter the
temperature stratification by adjusting the coolant temperature. The impact of temperature
stratification can then be quantified by examining the impact of coolant temperature on the knock-
limited (maximum Knock Intensity of 3 MW/m 2) NIMEP.
Figure 4-1 shows the impact of coolant temperature on the knock-limited NIMEP with an intake
pressure of 1.1 bar and an engine speed of 1200 rpm. The engine was run with port injection, to ensure
that minimal fuel stratification is present. It can be seen that a 14% improvement in the high-load limit
can be achieved by reducing the coolant temperature from 80 *C to 40 *C.
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Figure 4-1 Knock-limited NIMEP versus coolant temperature with intake temperature dependency
displayed; port injection, MAP=1.1 bar, 1200 rpm
Figure 4-2 shows that with an intake pressure of 1.9 bar, and an intake temperature of 40 *C, the
high-load limit drops by more than 0.5 bar when the coolant temperature is increased from 40 *C to
80 *C. At a slightly higher intake temperature of 80 "C, the coolant temperature does not seem to have
an impact on the high-load limit. The reason for this will become apparent in subsequent sections. This
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Figure 4-2 Knock-limited NIMEP versus coolant temperature with intake temperature dependency
displayed; port injection, MAP=1.9 bar, 1900 rpm
4.2 Fuel Concentration Stratification
Fuel concentration stratification can also be introduced with direct injection. The impact of injection
timing is seen in Figure 4-3, which is run at an intake pressure of 1.1 bar and an engine speed of
1200 rpm. The coolant temperature was set to 70 "C in all of the runs. It can be seen that the knock-
limited NIMEP stays fairly constant until injection is delayed to 310 CAD after TC. At this point, the
knock-limited NIMEP drops considerably, and the NO, emissions increase (Figure 4-4). If the injection
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Figure 4-3 Knock limited NIMEP versus injection timing with fuel pressure dependency displayed;
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Figure 4-4 NO. at high-load limit versus injection timing with fuel pressure dependency displayed;
direct injection, MAP=1.1 bar, Tin = 40 *C, 1200 rpm
The same observations are seen when the intake pressure is increased to 1.9 bar. Figure 4-5 shows
a significant drop in the knock-limited NIMEP with an injection timing between 290 CAD after TC and
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Figure 4-5 Knock-limited NIMEP versus injection timing with engine speed dependency displayed;







-1200 rpm -- 1900 rpm
200
0 . .
-10 50 110 170 230 290 350
Injection Timing [CAD after TC Intake]
Figure 4-6 NO, at high-load limit versus injection timing with engine speed dependency displayed;
direct injection, MAP=1.9 bar, Fuel Pressure = 250 bar, Tin = 40 *C
In order to explain the results displayed in Figure 4-3 to Figure 4-6, it is best to divide the curves into
three distinct groups:
1. Injection in the intake stroke and early compression stroke (injection before 290 CAD after
TC)
2. Injection late in the compression stroke (injection between 290 and 330 CAD after TC)
3. Very late injection in the compression stroke (injection after 330 CAD after TC)
4.2.1 Region 1 (injection before 290 CAD after TC)
The behavior in Region 1 can be better understood by comparing the knock-limited NIMEP to what
can be obtained from port injection. Figure 4-7 shows that, with an intake pressure of 1.1 bar, the
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Figure 4-7 Knock-limited NIMEP versus intake temperature with port injection and early direct
injection (210 CAD); MAP=1.1 bar, 1200 rpm
However, the ignition point is earlier with direct injection (Figure 4-8), which is likely due to regions
with a higher equivalence ratio. This conclusion is further supported with Figure 4-9, which shows that
the NOx output does increase with direct injection. NOx increases as the burn temperature increases,
while the burn temperature increases as the local equivalence ratio increases. Note that the difference
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Figure 4-8 CAMPRR at high-load limit versus intake temperature with port injection and early direct
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Figure 4-9 NOxat high-load limit versus intake temperature with port injection and early direct
injection (210 CAD); MAP=1.1 bar, 1200 rpm
It can therefore be concluded that some fuel concentration stratification does exist in Region 1. The
stratification is likely reduced at higher intake temperatures due to more effective fuel evaporation,
which would reduce the likelihood of wall wetting. With an MAP value of 1.1 bar, the stratification does
not impact the knock-limited NIMEP. It should be noted that earlier ignition tends to reduce the knock-
limited NIMEP in CAI combustion. Therefore, the benefit of fuel concentration stratification may be
cancelled by the earlier ignition.
The same comparison was made at a higher intake pressure (1.5 bar). This resulted in earlier
ignition values for both port and direct injection, when compared to an MAP value of 1.1 bar. As
ignition is advanced, its significance in determining the high-load limit is reduced. As a result, Figure
4-10 shows that direct injection in Region 1 can lead to a higher knock-limited NIMEP, even though
ignition is earlier (Figure 4-11). This is further evidence that there is some fuel concentration
stratification in Region 1 that can extend the high-load limit due to enhanced sequential ignition, even
with an advanced ignition point. Similar to the previous results, the difference between port and direct
injection is eliminated when the intake temperature reaches 80 "C. It should also be noted that the
higher MAP (and lower global equivalence ratio of approximately 0.3) leads to negligible NOx emissions
for all of the conditions. This indicates that the fuel concentration stratification with early direct
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Figure 4-10 Knock-limited NIMEP versus intake temperature with port injection and early direct
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Figure 4-11 CAMPRR at high-load limit versus intake temperature with port injection and early direct
injection (210 CAD); MAP=1.5 bar, 1600 rpm
To confirm the above conclusions, the same analysis was completed with an intake pressure of
1.9 bar (Figure 4-12 and Figure 4-13). It can be seen that identical conclusions can be formed.
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Figure 4-12 Knock-limited NIMEP versus intake temperature with port injection and early direct





















Intake Temperature [deg C]
Figure 4-13 CAMPRR at high-load limit versus intake temperature with port injection and early direct
injection (210 CAD); MAP=1.9 bar, 1900 rpm
The above discussion assumed that port injection would not lead to any fuel concentration
stratification. This assumption can be tested by determining the knock-limited NIMEP of different port-
injection timing values (Figure 4-14 and Figure 4-15).
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Figure 4-15 Knock-limited NIMEP versus the start of port injection; MAP=1.9 bar, Tin = 40 "C, 1900 rpm
It can be seen that the NIMEP does not change with port injection before -50 CAD after TC (the
examples above all used -70 CAD after TC). There is some impact with injection after -50 CAD after TC
with an engine speed of 1900 rpm. This would largely lead to open valve injection, and can therefore
result in some fuel stratification. It should be noted that the intake valve opens at -3 CAD after TC, and
the injection duration with an engine speed of 1900 rpm would be approximately 100 CAD.
To further solidify the observation that early direct injection does lead to a larger degree of
sequential ignition when compared to port injection, the Sequential Ignition Index defined in Section 3.6
can be used. Figure 4-16 shows that the SII is larger for early direct injection when compared to port
injection at low intake temperature values. As the intake temperature increases, the difference in the
Sil between early direct and port injection decreases. It should be noted that the data points plotted in
Figure 4-16 were from the engine experiments at MAP values of 1.1 bar, 1.5 bar, and 1.9 bar. Also, all
points, even if the knock limit was not reached, were plotted. The concept of the SI1 works at any
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Figure 4-16 Sequential Ignition Index versus intake temperature for port and direct injection
4.2.2 Region 2 (injection between 290 and 330 CAD after TC)
In Region 2, it is likely that significant fuel concentration stratification is present. NOx cannot
form at the global equivalence ratios being tested (0.3 to 0.4). Local areas with much higher
equivalence ratios must therefore be present. It is interesting that the introduction of fuel
concentration stratification reduces the knock-limited NIMEP in this region, below what was obtained
with port injection. This is contrary to what was shown in Region 1.
There are three possible causes that can lead to a reduction in the knock-limited NIMEP with
increased fuel concentration stratification:
1. By concentrating the fuel in one area of the chamber, the full chamber temperature distribution
is not used.
2. The concentration of fuel can lead to a more uniform temperature distribution. The areas of
high fuel concentration would lower the local temperature due to a higher level of charge
cooling and a lower specific heat ratio.
3. The concentration of fuel will lead to a locally high volumetric heat release rate. As described
with Yelvington's [1] theory, the presence of knock is dictated by the heat release rate.
The fuel concentration stratification in Region 1 was likely much more gradual (due to the much
lower NO, values). As a result, the more effective sequential ignition due to the increased mixture non-
uniformity overcomes the three points mentioned above.
4.2.3 Region 3 (injection after 330 CAD after TC)
In Region 3, the large increase in the knock-limited NIMEP can be attributed to a shift from the
near instantaneous burn common in CAI engines, to the formation of a diffusion flame common in diesel
engines. This can be demonstrated by looking at the heat release profiles under various loads with
injection at 345 CAD after TC (Figure 4-17). It can be seen that as the load increases, the amount of heat
release in the near-instantaneous section of the profile does not change. Rather, the additional energy
is released as a diffusion flame, later in the combustion process.
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Figure 4-17 Heat release rate versus engine CAD; MAP = 1.9 bar, Injection Timing = 345 CAD, Fuel
Pressure = 250 bar, Tin = 40 "C, 1200 rpm
4.3 Fuel Stratification with Multiple Injection
To further examine the impact of introducing fuel concentration stratification on the high-load
limit, a multiple injection strategy was introduced. The amount of fuel injected through port injection
remained fixed (leads to an NIMEP of 4 bar). However, to increase the NIMEP, any additional fuel was
injected through direct injection at 330 CAD after TC. This strategy was then compared to simple port
injection, with the results shown in Figure 4-18. It can be seen that port injection yields the lowest rate
of pressure rise under all loading conditions. Therefore, fuel concentration stratification with multiple
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Figure 4-18 MPRR versus NIMEP with port injection and multiple injection strategy; MAP = 1.1 bar,
Injection Timing (Direct) = 330 CAD, Fuel Pressure (Direct) = 250 bar, Ti, = 40 C, 1200 rpm
4.4 Engine Modeling
4.4.1 Simulation Conditions
The conclusions drawn from the previous sections can be illustrated using the multi-zone engine
model described in Section 2.3.2. The objective is to examine the manner in which port injection, early
direct injection (Region 1 - injection at 210 CAD after TC) and late direct injection (Region 2 - injection
at 300 CAD after TC) can potentially impact the combustion behavior. The model can only illustrate the
interaction between the different phenomena. Since the exact temperature and fuel distribution
attained in the engine experiments is not known, the objective is not to exactly mimic the engine
conditions. In fact, the intake conditions selected is limited based on the fuel information available. The
intake conditions have been set to an MAP value of 1.5 bar, engine speed of 1200 rpm, intake
temperature of 40 *C, and fuel characteristics described by Table 5-2 in Section 5.5.1. A ten-zone model
will be used for this analysis.
As described in Section 2.3.2, temperature stratification can be created by assigning different
polytropic constants for the different zones in the thermodynamic model. To create significant
stratification, the assigned polytropic constants followed a linear relationship ranging from 103% (Zone
#1) to 94% (Zone #10) of the theoretical temperature dependent specific heat ratio. A linear
temperature dependent relationship for the specific heat ratios is used. The local polytropic constant
can rise above the specific heat ratio due to heat transfer into the zones from the walls. Note that the
range of polytropic constants selected does lead to a motored pressure trace that is similar (within 4%)
to the engine experiments, while also creating approximately 200 *C of stratification at TC (motored
condition).
The data presented in the previous section must be analyzed to determine a reasonable equivalence
ratio distribution. It has been shown that the equivalence ratio is fairly uniform between the zones with
port injection, due to the lack of sensitivity to port injection timing (see Figure 4-14 and Figure 4-15). As
a result, the model will assume a uniform equivalence ratio of 0.33 for this condition. With early direct
injection, it has been shown that the knock-limited NIMEP increases, the CAMPRR decreases (more
advanced), and negligible NOx is formed (as previously discussed, a small amount of NOx can form at
lower MAP values) when compared to port injection. As a result, a fuel distribution is likely present,
since a locally fuel rich area would lead to a more advanced combustion phasing. However, the local
equivalence ratio should not greatly exceed 0.5, which represents a threshold for NOx formation [16].
Finally, with late direct injection, the combustion phasing is further decreased, and a significant amount
of NO, begins to form. Therefore, a high local equivalence ratio must be present, which would advance
the combustion phasing and lead to NOx formation.
With the above observations in hand, a fuel equivalence ratio distribution for each of these cases
can be created. Once again, the exact fuel distribution is unknown. Only a representative distribution,
using the conclusions that are known, is needed. It should also be noted that CO forms at equivalence
ratio values lower than 0.18 [16]. Therefore, a minimum value of 0.2 for the equivalence ratio is set for
zones that contain fuel. The created equivalence ratio distributions for the three conditions are given in
Figure 4-19. Note that the global average equivalence ratio for all three cases is 0.33. To create the
distributions, the peak equivalence ratio was first set. Then, the number of zones that should be
occupied with fuel was determined based on the minimum allowable equivalence ratio (0.2), the desire
for a linear distribution, and need to maintain the average equivalence ratio of 0.33. Once this is
determined, the slope of the distribution is found based on the desired global average equivalence ratio.
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Figure 4-19 Equivalence ratio distributions for port injection, early direct injection, and late direct
injection
One final complication is present in conducting the engine simulation. The polytropic constant is
varied linearly in the zones from 94% to 103% of the theoretical specific heat ratio. Also, an equivalence
ratio distribution outlined in Figure 4-19 is available. However, it is not known whether the zone with a
high fuel concentration should be linked with the zone with a high polytropic constant (minimal heat
transfer), or vice versa. Since heat transfer is due to the cold walls, it can be assumed that the lower
polytropic constants are associated with zones near the walls. However, this can be impacted by areas
with high heat transfer into the gases due to hot walls (ie. the exhaust valve). Also, it is not known
where the fuel is concentrated. Since a diesel injector (at reduced injection pressures of 250 bar to 500
bar) is used, significant wall wetting can occur. However, this depends on the underlying chamber
pressure during injection. As a result, the link between the equivalence distribution and temperature
distribution must be tested to ensure consistency with the results.
4.4.2 Simulation Results: Motored Conditions
The first stage of the analysis is to examine the motored temperature distributions that are attained
under the different engine conditions. Figure 4-20 provides the zone temperatures at TC for port
injection, early direct injection, and late direct injection. The temperature for only the zones with fuel is
plotted. The temperature and equivalence ratio distributions were aligned such that the maximum
equivalence ratio was placed in the zone with the least heat transfer (referred to as overlapping
distributions). It can be seen that port injection leads to the highest peak temperature, and largest
temperature range. This occurs because there is no charge cooling due to fuel evaporation, and the low
peak equivalence ratio leads to a higher specific heat ratio (the polytropic constants are set as a
percentage of the specific heat ratio). Late direct injection does have the lowest peak temperature due
to the concentration of fuel. However, it should be noted that the charge cooling does not have as large
of an effect as with early direct injection. If the fuel is injected earlier, the reduction in temperature due
to fuel vaporization is magnified after compression (since in a polytropic process, the compressed
temperature scales linearly with the temperature before compression).
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Figure 4-20 Motored temperature distribution at TC; distributions overlapping
As mentioned previously, there is uncertainty as to how the temperature and fuel distributions
should be aligned. A similar plot can be created by aligning the peak equivalence ratio to the zone that
has the largest amount of heat transfer (Zone #10). This is referred to as reversed distributions. The
plot can be seen in Figure 4-21. It can be seen that in the zones that contain fuel, direct injection
actually increases temperature stratification. Since the area with higher fuel concentrations (so higher
fuel evaporative cooling and lower specific heat ratios) have the highest heat transfer rate (lower
polytropic constant), the difference between the zone temperatures increase with additional fuel.
However, considering the entire chamber (including zones with no fuel), the size of the temperature
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Figure 4-21 Motored temperature distribution at TC; distributions reversed
4.4.3 Simulation Results: Firing Conditions
It is now possible to examine the firing pressure traces for the conditions outlined in the previous
section. Figure 4-22 shows the pressure trace for port injection, early direct injection, and late direct
injection. The temperature and fuel distributions are overlapping (peak fuel concentration in Zone #1
with lowest heat transfer loss). It can be seen that the combustion phasing matches what has been
observed in the engine experiments. Namely, port injection ignites the latest, while late direct injection
ignites the earliest. Also, the total combustion duration (CAD from first zone ignition to last zone
ignition) also matches what has been observed in the engine experiments. The combustion durations
for port injection, early direct injection, and late direct injection are 7.2 CAD, 10.4 CAD, and 2.2 CAD,
respectively. Therefore, it would be expected that early direct injection would lead to the highest
knock-limited load output (since its combustion duration is longest), while late direct injection would
lead to the lowest knock-limited NIMEP. Note that ideally MPRR should be used in the comparison.
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Figure 4-22 Simulation for cylinder pressure trace; distributions overlapping
Figure 4-23 shows the pressure traces for the same conditions, but reversed distributions (highest
fuel concentration in Zone #10). It can be seen that the combustion phasing does not match the engine
results. Early direct injection and late direct injection ignite later than port injection. This occurs
because the initial zone that ignites is not necessarily the zone with the highest temperature, since its
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Figure 4-23 Simulation for cylinder pressure trace; distributions reversed
4.5 Conclusions
it has been demonstrated that the level of temperature stratification can be controlled by changing
the coolant temperature. With port injection, decreasing the coolant temperature from 80 *C to 40 *C
can increase the knock-limited NIMEP by up to 14%. It was also determined that fuel concentration
stratification with late direct injection significantly reduces the high-load limit. This can occur because
the high local concentration of fuel leads to a high local heat release rate. Also, by concentrating the
fuel in one area of the chamber, the full temperature distribution is not used. Finally, early direct
injection leads to the highest knock-limited NIMEP, and the most sequential ignition. When compared
to port injection, early direct injection has the potential to increase the high-load limit by over 25%. The
gradual fuel concentration stratification associated with early direct injection effectively adds non-
uniformity in the mixture, while also avoiding overly high local fuel concentrations.
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Chapter 5. Fuel Ignition Characteristics
5.1 Fundamentals of Fuel Ignition Behavior
The chemical kinetic behavior of a given fuel can be described with a detailed reaction mechanism,
which outlines the reaction pathway the fuel molecule takes during oxidation. Most fuels follow
different reaction pathways depending on the initial temperature and pressure. There is generally a
well defined low temperature and high temperature reaction pathway. There is also a transition period
in which the low temperature pathway is switched off, but the high temperature pathway has yet to
commence.
Both ignition pathways are controlled by a degenerative chain branching process [29]. At lower
temperatures, alkyl-peroxy radicals, R02, an intermediate species obtained during fuel oxidation,
undergo an isomerization process [30]. This leads to the formation of a branching agent and
subsequently two additional radicals, which then accelerate the ignition process. At high temperatures
(900 K to 1100 K), chain branching is introduced through hydrogen peroxide decomposition [30].
5.2 Ignition Delay Times
Ignition delay curves are used to describe the chemical kinetic behavior of a given fuel, and hence
illustrate the predominant reaction pathway that is followed. The ignition delay time represents the
time it takes for constant volume ignition to occur at a given initial pressure and temperature. It can be
obtained from the pressure versus time trace developed by a Rapid Compression Machine. An example
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Figure 5-1 Sample pressure versus time trace; Fuel #1, T= 720 K, n = 750 mol/m 3, 4 = 0.33
It can be seen that for the first 10 ins, the pressure rises quickly during compression. It is assumed
that oxidation does not initiate until compression is completed. After compression is completed, it can
be seen that there exists a two-stage heat release process. Combustion initiating at low temperatures
can exhibit a two-stage heat release process as the fuel molecules pass through both the low and high
temperature pathways [29]. First stage ignition (TI) occurs approximately 10 ms after compression. This
represents the first stage in the two-stage heat release process. The first stage heat release is then
followed by the main ignition (tMAIN) at 15 ms after compression. The main ignition time is defined when
the in-cylinder pressure reaches 50% of its maximum value.
5.3 Ignition Delay Curves
When the main ignition delay time versus initial temperature for a number of different conditions is
plotted, the fuel ignition delay curve is created. A sample ignition delay curve is shown in Figure 5-2.
Three regions are clearly shown in the curve.
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Figure 5-2 Sample ignition delay curve
In the low temperature region (below 700K in Figure 5-2), there is a linear drop in the logarithm of
the ignition delay time versus the inverse of temperature. This occurs because the Arrhenius form of
the rate of reaction equations relates the change in species concentration to the exponential of the
inverse of temperature. In the low temperature region, the low temperature branching reactions
initiate the first stage of oxidation. This is followed by the high temperature branching reactions that
control the main ignition. Therefore, a two-stage heat release process that is demonstrated in Figure
5-1 will be followed.
As the initial temperature increases, the low temperature reaction pathway becomes less reactive.
This occurs because additional non-branching propagation channels begin to dominate with the
formation of cyclic ethers, conjugate olefins, and p-decomposition products [31). The temperature is
also not high enough for the high temperature branching pathway to initiate [29]. This then leads to the
formation of the Negative Temperature Coefficient (NTC) region. In this region, increasing the
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temperature does not lead to a large increase in the rate of reaction, and hence a decrease in the
ignition delay time. Therefore, temperature sensitivity is minimized in this region.
Finally, as the initial temperature is increased further (greater than 900 K in Figure 5-2), the high
temperature reaction pathway becomes more reactive. The ignition delay curve then exhibits a linear
drop in the logarithm of the ignition delay time versus the inverse of the temperature. The slope is
generally similar to what is observed in the low temperature region. However, a two-stage heat release
process is not observed with high initial temperature values.
5.4 RCM Run Conditions
The key objectives of this report will be obtained with three baseline gasoline blends, labeled
Fuel #1, Fuel #2, and Fuel #3. For each fuel, it is important to select RCM run conditions that match the
conditions that will be seen in the engine tests. Figure 5-3 to Figure 5-5 show the compression
concentration and temperature with motored conditions for 345 CAD to 375 CAD after TC, a Manifold
Air Pressure (MAP) of 1.1 bar, 1.5 bar, and 1.9 bar, and intake temperatures of 40 "C and 140 "C. The
results were obtained using the single zone model described in Section 2.3.1 and the engine geometry
described in Table 2-2.
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Figure 5-3 Motored engine compression temperature versus concentration with intake temperature
dependency displayed; MAP = 1.1 bar, 345 CAD to 375 CAD
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Figure 5-4 Motored engine compression temperature versus concentration with intake temperature
dependency displayed; MAP = 1.5 bar, 345 CAD to 375 CAD
MAP = 1.9 bar
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Figure 5-5 Motored engine compression temperature versus concentration with intake temperature
dependency displayed; MAP = 1.9 bar, 345 CAD to 375 CAD
If it is assumed that the location of maximum heat release will be near TC, the impact of intake















Figure 5-6, Figure 5-7, and Figure 5-8 show the end of compression temperature and concentration at TC
for an MAP value of 1.1 bar, 1.5 bar, and 1.9 bar, respectively.
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Figure 5-6 Impact of intake temperature on end of compression temperature and concentration;
MAP = 1.1 bar
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Figure 5-7 Impact of intake temperature on end of compression temperature and concentration;
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Figure 5-8 Impact of intake temperature on end of compression temperature and concentration;
MAP = 1.9 bar
Based on the above figures, it was determined that the RCM end of compression temperature
values should range from 700 K to 1000 K. Also, the end of compression concentration values should be
500 mol/m 3 to 1250 mol/m 3. The fuel equivalence ratio selected should range from 0.2 to 1.0 to match
the engine conditions.
It should be noted that the engine cannot be run under stoichiometric conditions, unless EGR is
used. However, with fuel concentration stratification, it is possible that there may be locally
stoichiometric areas in the combustion chamber. As a result, stoichiometric conditions were run with
three of the concentration values tested.
Based on the above conclusions, the run matrix shown in Table 5-1 was established. Note that each
data point on the matrix represents a temperature sweep from 700 K to 1000 K, and each individual run
is repeated at least two times to ensure repeatability. The run matrix was completed for the three
baseline gasoline blends.
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Table 5-1 RCM Run Matrix
5.5 Ignition Results
5.5.1 Fuel #1 Ignition Delay Curves
The ignition delay curves obtained from the RCM for Fuel #1 are shown in Figure 5-9, Figure 5-10,
Figure 5-11, and Figure 5-12. The low temperature, high temperature, and NTC region are evident in
each curve.
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Figure 5-9 Ignition delay curves for Fuel #1 with equivalence ratio dependency displayed; n =
500 mol/m 3
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Figure 5-12 Ignition delay curves for Fuel #1 with equivalence ratio dependency displayed; n =
1250 mol/m 3
It is clear that as the equivalence ratio increases at a fixed total concentration, the ignition delay
curves shift down. It can also be seen that the NTC region is more predominant for the 500 mol/m 3 and
750 mol/m 3 cases. At the higher concentrations, the availability of oxygen increases, which accelerates
the branching reactions, and negates the termination reactions that characterize the NTC region.
Figure 5-13 and Figure 5-14 show the impact of total concentration at a fixed equivalence ratio of
0.33 and 1.0, respectively. It can be seen that as the concentration increases, the ignition delay curve
shifts down. It can also be seen that as the concentration increases, the NTC region becomes smaller
and less pronounced. It will be shown that this particular observation is very significant when examining
the impact fuel chemical kinetics has on the effectiveness of thermal stratification (Section 6.2).
Increasing the concentration simulates the impact of boosting in a CAI engine when the equivalence
ratio is held constant. It should be noted that in reality, it may not be possible to hold the equivalence
ratio constant as the intake pressure increases. The high-load limit may be reached at lower
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Figure 5-14 Ignition delay curves for Fuel #1 with concentration dependency displayed; *) = 1.0
Figure 5-15 demonstrates the impact of increasing the air concentration while maintaining
approximately the same fuel concentration. This condition simulates increasing the engine intake
pressure while maintaining the same load. It can be seen that the case with the highest oxygen
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Figure 5-15 Ignition delay curves for Fuel #1; impact of air concentration, fixed fuel concentration
Using the above data sets, the functions a(T), P(T), and A(T) for the ignition delay correlation can be
found using the procedure outlined in Section 2.4. The a, and si points attained from comparing
multiple data sets are shown in Figure 5-16 and Figure 5-17, respectively. It can be seen that there is a
large variance in the temperature dependence based on which data sets are used for the comparison.
This occurs because the ai and Pi points also depend on concentration and equivalence ratio, not just
temperature. However, it is expected that the error in the approximation will be corrected when X(T) is
derived (since X(T) uses the derived ct(T) and P(T) functions). Therefore, a simple fourth order data fit
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Figure 5-16 ai points for Fuel #1; multiple data sets
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Using the fourth order polynomial equations for a(T) and O(T), XA points were calculated as shown in
Figure 5-18. It can be seen that the points for all of the data sets do fall on a single polynomial line. The
points were then used to create a fourth order polynomial for X(T).
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Figure 5-18 Xi points for Fuel #1; multiple data sets
The polynomials for Fuel #1 are summarized in Table 5-2.
Table 5-2 Polynomial fits for ignition delay correlation; Fuel #1
y = C1 + C2T + C3T2 + C4T
3 + C5T4
C1  C2  C3  C4  C5
alpha -2454.2 7693.6 -9020.1 4682.8 -907.99
beta -1450.2 4374.6 -4955.7 2494.2 -470.08
lambda -3373 10423 -12042 6158.9 -1175.3
Time [ms], Temperature [K], concentration [kmols/m 3]
It was found that the coefficient, Z, should be set to 0.7. With the above polynomials and coefficient
value, the modeled ignition delay matches the target ignition delay with an R-squared of 0.985 (see




IM n=0. 50, phi=1.00







-A A n=1.25, ph=0.25
M n=1.25, phi=0.33





40 - n=0.50, phi=1.00
0 A A n=0.75, phi=0.33
3 n=0.75, phi=0.50
-30 * n=0.75, phi=1.00
-a 4 # V n=1.00, phi=0.25
FD20 - V n=1.00, phi=0.33
* n=1.00, phi=1.000
10 - n=1.25,ph=0.20A n=1.25, phi=0.25
M n=1.25, phi=0.33
0'0 10 20 30 40 50 60 70 80
Actual Ignition Delay [ms]
Figure 5-19 Comparison of target ignition delay time to modeled ignition delay time; Fuel #1
5.5.2 Fuel #2 Ignition Delay Curves
The experimental ignition delay curves for Fuel #2 are shown in Figure 5-20, Figure 5-21, Figure 5-22,
and Figure 5-23. Similar to Fuel #1, as the equivalence ratio increases at a fixed total concentration, the
ignition delay curves shift down. It can also be seen that the NTC region is not as predominant when
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Figure 5-20 Ignition delay curves for Fuel #2 with equivalence
500 mol/m 3
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Figure 5-23 Ignition delay curves for Fuel #2 with equivalence ratio dependency displayed; n =
1250 mol/m 3
Figure 5-24 and Figure 5-25 show the impact of total concentration at a fixed equivalence ratio of
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Figure 5-24 Ignition delay curves for Fuel #2 with concentration dependency displayed; 4) = 0.33
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Figure 5-25 Ignition delay curves for Fuel #2 with concentration dependency displayed; 4) = 1.0
Figure 5-26 demonstrates the impact of increasing the air concentration while maintaining
approximately the same fuel concentration. Unlike Fuel #1, it can be seen that an increase in air
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NTC region is not large with Fuel #2, the additional oxygen is not needed to accelerate the branching
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Figure 5-26 Ignition delay curves for Fuel #2; impact of air concentration, fixed fuel concentration
The above data sets were used to develop the polynomials for the ignition delay correlation. The
a(T), $(T), and A(T) polynomials are given in Table 5-3. The coefficient, Z, in the ignition delay correlation
should be set to 1.05. Using the polynomials and coefficient value, the target ignition delay versus the
modeled ignition delay can be seen in Figure 5-27. An R-squared value of 0.991 was obtained.
Table 5-3 Polynomial fits for ignition delay correlation; Fuel #2
Y = C1 + C2T+C 3T2 + C4T3 + C5 4
C1 C2  C3  C4  C5
alpha -1459 4687.6 -5620.9 2977.1 -587.57
beta -1575.3 5073.1 -6104.5 3247.7 -644.26
lambda -2288 7201.6 -8465.3 4398.7 -851.47
Time [ms], Temperature [K], concentration [kmols/m 3]
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Figure 5-27 Comparison of target ignition delay time to modeled ignition delay time; Fuel #2
5.5.3 Fuel #3 Ignition Delay Curves
The ignition delay curves for Fuel #3 are shown in Figure 5-28, Figure 5-29, Figure 5-30, and Figure
5-31. Once again, the equivalence ratio dependence is highlighted at a fixed concentration. As the
equivalence ratio increases, the ignition delay curves shift down for all concentrations. It is also evident
that the NTC region is much flatter (less temperature sensitive) and larger with Fuel #3, when compared
to the other two fuels. This does demonstrate that the three baseline fuels do have a large degree of
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Figure 5-28 Ignition delay curves for Fuel #3 with equivalence ratio dependency displayed; n =
500 mol/m 3
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Figure 5-31 Ignition delay curves for Fuel #1 with equivalence ratio dependency displayed; n =
1250 mol/m 3
Figure 5-32 and Figure 5-33 show the impact of total concentration at a fixed equivalence ratio of







increases, the ignition delay curve shifts down. The curves also show that the NTC region starts at a
higher temperature, and is generally smaller, at higher concentrations.
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Figure 5-32 Ignition delay curves for Fuel #3 with concentration dependency displayed; 4) = 0.33
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Figure 5-34 demonstrates the impact of increasing the air concentration while maintaining
approximately the same fuel concentration. The additional oxygen leads to a reduction in the









1.00 1.05 1.10 1.15 1.20 125 1.30 1.35 1.40 1.45 1.50 1.55
1000/Temperature [1/K]
Figure 5-34 Ignition delay curves for Fuel #3; impact of air concentration, fixed fuel concentration
Similar to the previous two fuels, the above data sets were used to develop the polynomials for the
ignition delay correlation. The a(T), P(T), and X(T) polynomials are given in Table 5-4. The coefficient, Z,
in the ignition delay correlation should be set to 0.96. Using the polynomials and coefficient value, the
target ignition delay versus the modeled ignition delay can be seen in Figure 5-35. An R-squared value
of 0.973 was obtained.
Table 5-4 Polynomial fits for ignition delay correlation; Fuel #3
Y = C1 + C2T + C3 T2 + C4T3 + C5 T
4
C1 C2  C3  C4  C5
alpha -1339 4267.4 -5067.5 2653.8 -517.07
beta -57.06 216.35 -303.24 179.01 -37.48
lambda -1487.4 4594.9 -5287.7 2682.9 -505.58
Time [ms], Temperature [K], concentration [kmols/m 3]
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Figure 5-35 Comparison of target ignition delay time to modeled ignition delay time; Fuel #3
5.6 Fuel Comparison
A direct fuel comparison can now be plotted to better illustrate the unique features of each fuel.
Figure 5-36 shows the ignition delay curves for the three fuels at 750 mol/m 3 and an equivalence ratio of
0.5. It can be seen that Fuel #1 is the most reactive fuel, while Fuel #3 is the least reactive. This would
indicate that to maintain the same combustion phasing, a lower intake temperature is required with
Fuel #1. It can also be seen that the NTC region in Fuel #3 is much larger and less temperature sensitive
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Figure 5-36 Fuel Comparison with ignition delay curves; n = 750 mol/m 3, <b = 0.5
A fuel comparison for a concentration of 1000 mol/m 3 and an equivalence ratio of 0.33 is shown in
Figure 5-37. Similar trends that were found in the previous comparison can be seen. Additionally, the
NTC region for Fuel #2 is much less predominant, leading to a more gradual transition between the low
and high temperature regions, when compared to the other two fuels. As a result, the NTC region for
Fuel #2 is more temperature sensitive than the other fuels.
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Figure 5-37 Fuel Comparison with ignition delay curves; 1000 mol/m 3, 4) = 0.33
Figure 5-38 provides a fuel comparison at 1250 mol/m 3 and an equivalence ratio of 0.25. It can be
seen that Fuel #3 still has a large NTC region, while the other two fuels have a more gradual transition
from the low to high temperature region. The low temperature region for all three fuels is still nearly
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Figure 5-38 Fuel Comparison with ignition delay curves; n = 1250 mol/m 3, 10 = 0.25
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The three fuels can be compared by examining their minimum sensitivity to temperature.
Considering that the ignition delay time is an exponential function of the inverse of temperature, a




The temperature sensitivity parameter defined above is a function of temperature, and is useful
when describing a local ignition point. However, to describe the entire curve, the minimum can be used.
The unique feature of the ignition delay curves is the size of the NTC region (the low and high
temperature regions are similar between the fuels). Therefore, the minimum of the temperature
sensitivity parameter can effectively define the size of the NTC region.
In (T)[5.1]
STmin = min in() 51(1000 1000)
T2 T1
Using the interpolation functions for the ignition delay curves, the STmin value can be calculated for
each fuel (and each set). A larger value indicates more sensitivity to temperature. The results are
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Figure 5-39 Temperature sensitivity parameter for each fuel and each set
Table 5-5 Set number properties
Set# 1 2 3 4 5 6 7 8 9 10 11
Concentration
Cmol/m 3 1 500 500 750 750 750 1000 1000 1000 1250 1250 1250
Equivalence 0.5 1 0.33 0.5 1 0.25 0.33 1 0.2 0.25 0.33
Ratio
It is clear that Fuel #2 exhibits the most temperature sensitivity, particularly at lower concentrations.
Fuel #1 and Fuel #2 have the most temperature sensitivity at higher concentrations. Fuel #3 exhibits low
sensitivity for all conditions, except for set #8, which is at stoichiometric conditions.
The sensitivity parameter can be used to better define the temperature range of the NTC region. It
can be assumed that the NTC region can be defined by a temperature sensitivity value of under 10 K.
Based on this definition, the temperature range for each fuel and data set is plotted in Figure 5-40. It
can be seen the Fuel #3 generally does have a larger NTC region temperature range. More importantly,
it is demonstrated that the temperature range does decrease at the highest concentration (sets 9, 10,
and 11).
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Figure 5-40 Temperature range of NTC region for each fuel and each set; ST of NTC region defined as
less than 10 K
5.7 Conclusions
As the equivalence ratio increases at a fixed total concentration, the ignition delay curves shift
down. A similar shift in the ignition delay curve is seen when the total concentration increases at a fixed
equivalence ratio. The NTC region at a higher concentration, and the same equivalence ratio, is also
typically less predominant. As the air concentration increases at a fixed fuel concentration, it has been
shown that the additional oxygen leads to a more gradual shift from the low to high temperature region.
This leads to a less predominant NTC region, and more temperature sensitivity.
Fuel #1 enters the Negative Temperature Coefficient (NTC) region at a larger temperature than the
other two fuels, while Fuel #3 enters at the lowest temperature. The NTC region for Fuel #2 is much less
pronounced. Fuel #3 demonstrates the least sensitivity to temperature. The low temperature chemical
kinetic behavior is very similar for all three fuels.
128
Chapter 6. Chemical Kinetics, Intake Conditions, and Stratification
6.1 Relating Chemical Kinetics and Intake Pressure
The direct relationship between chemical kinetics and intake conditions can now be examined. At
this point, the influence chemical kinetics has on the effectiveness of stratification will not be
considered.
The three fuels outlined in the previous section were tested with engine speeds from 1300 rpm to
2100 rpm, and early direct injection. An injection timing value of 210 CAD after TC was used. All of the
runs were completed with a fuel pressure of 500 bar. Four intake pressure values (1.3 bar, 1.5 bar, 1.7
bar, 1.9 bar) were tested. The coolant temperature was fixed to 50 *C for all of the engine runs. The
intake temperature was fixed at 40 *C for all runs. As a result, some fuel stratification along with
temperature stratification is expected (see section 4.2).
6.1.1 MAP = 1.3 bar, Direct Injection
Figure 6-1 shows the maximum knock-limited NIMEP (where the maximum Knock Intensity was set
at 3 MW/m 2) for the three fuels at different engine speeds. Figure 6-2 shows the CAMPRR at the high-load
limit for each fuel.
The results show that the high-load limit of Fuel #1 is approximately 1 bar lower than the other two
fuels. Fuel #1 also ignites 3-6 CAD earlier than the other fuels. It has been widely established [4, 5, 6,
18] that earlier heat release does lead to a detrimental effect on the high-load limit. This is likely the











Figure 6-1 Knock-limited NIMEP versus engine speed; fuel comparison; direct injection, MAP =
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Figure 6-2 CAMPRR at the high-load limit versus engine speed; fuel comparison; direct injection, MAP =








Figure 6-3 and Figure 6-4 show the relationship between MPRR and NIMEP at 1300 rpm and
1700 rpm, for all three fuels. It can be seen that at a given NIMEP, the MPRR is higher for Fuel #1. This
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Figure 6-3 MPRR versus NIMEP; fuel comparison; direct injection, MAP = 1.3 bar, Injection Timing =
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Figure 6-4 MPRR versus NIMEP; fuel comparison; direct injection, MAP = 1.3 bar, Injection Timing =
210 CAD, Injection Pressure = 500 bar, Tin = 40 *C, 1700 rpm
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6.1.2 MAP = 1.5 bar, Direct Injection
Figure 6-5 and Figure 6-6 show the high-load limit and CAMPRR for engine experiments with an MAP
of 1.5 bar. It can be seen that Fuel #1 still has a lower high-load limit, and earlier combustion phasing.
However, when compared to an MAP of 1.3 bar, the difference between the fuels has reduced. The
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Figure 6-5 Knock-limited NIMEP versus engine speed; fuel comparison; direct injection, MAP =
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Figure 6-6 CAMPRR at the high-load limit versus engine speed; fuel comparison; direct injection, MAP =
1.5 bar, Injection Timing = 210 CAD, Injection Pressure = 500 bar, Tin = 40 *C
6.1.3 MAP = 1.7 bar, Direct Injection
Figure 6-7 and Figure 6-8 show the engine test results with an increased MAP of 1.7 bar. At this
point, the difference in the high-load limit between the three fuels is almost negligible, except at high
engine speeds. The difference in the combustion phasing has also decreased, indicating that the
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Figure 6-7 Knock-limited NIMEP versus engine speed; fuel comparison; direct injection, MAP =
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Figure 6-8 CAMPRR at the high-load limit versus engine speed; fuel comparison; direct injection, MAP =
1.3 bar, Injection Timing = 210 CAD, Injection Pressure = 500 bar, Tin = 40 *C
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6.1.4 MAP = 1.9 bar, Direct Injection
Figure 6-9 and Figure 6-10 provide the results for an MAP of 1.9 bar. It can be seen that overall fuel
sensitivity has greatly decreased when compared to the results displayed at the lower MAP values. The
difference in the high-load limit between the three fuels is negligible at all engine speeds. The CAMPRR is
also only approximately 2 CAD different between the fuels.
It is worth noting that the high-load limit is much higher with an MAP of 1.9 bar, when compared to
an MAP of 1.3 bar. This is due to a number of factors, including the role fuel chemical kinetics has on
the effectiveness of stratification. This will be discussed in the next section. A detailed explanation
outlining the increase in the high-load limit at higher MAP values will then be provided in Chapter 7.
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Figure 6-9 Knock-limited NIMEP versus engine speed; fuel comparison; direct injection, MAP =
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Figure 6-10 CAMPRR at high-load limit versus engine speed; fuel comparison; direct injection, MAP = 1.9
bar, Injection Timing = 210 CAD, Injection Pressure = 500 bar, Tin = 40 *C
Figure 6-11 and Figure 6-12 show the relationship between MPRR and NIMEP for 1300 rpm and
1700 rpm. It can be seen that there is little fuel sensitivity. This is in contrast to what was shown in
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MPRR versus NIMEP; fuel comparison; direct injection, MAP = 1.9 bar, Injection Timing =
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Figure 6-12 MPRR versus NIMEP; fuel comparison; direct injection, MAP = 1.9 bar, Injection Timing =
210 CAD, Injection Pressure = 500 bar, Tin = 40 *C, 1700 rpm
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Figure 6-11
6.1.5 MAP and Fuel Sensitivity
Fuel sensitivity decreases as intake pressure increases due to a reduction in the size of the NTC
region as the oxygen concentration increases. If the size of the NTC region is reduced, the difference
between the fuels also decreases, which would lead to less fuel sensitivity.
As the intake pressure increases, the total concentration near TC will be higher. Figure 5-13, Figure
5-24, and Figure 5-32 show that if concentration increases, while maintaining the same equivalence
ratio, the ignition delay curve shifts down, and the NTC region is reduced. It should be noted that the
equivalence ratio does not necessarily stay constant as the intake pressure increases. The amount of
fuel injected is dependent on the onset of knock (since the NIMEP plotted is knock-limited). However,
since the higher MAP values do allow for a larger NIMEP, the variation in the equivalence ratio is
reduced.
It should be noted that higher concentrations will lead to a higher air concentration, regardless of
whether the equivalence ratio remains constant. Figure 5-15, Figure 5-26, and Figure 5-34 show that as
the air concentration increases, while maintaining the same fuel concentration, the NTC region is
reduced. Since the NTC region is where the fuels behave differently, overall fuel sensitivity will
decrease.
The above two effects can be illustrated by examining the ignition delay curves. Using Figure 5-3 to
Figure 5-5, it can be concluded that the compression concentration will range from 750 mol/m 3 to
1250 mol/m 3 for the range of MAP values tested. The equivalence ratio with an MAP of 1.3 bar to 1.9
bar ranges from 0.3 to 0.5. It should be noted that since there exists fuel stratification, the local
equivalence ratio may be higher. The higher MAP values will lead to a lower equivalence ratio, even
though the total fuel concentration may be higher (excess air is used to increase the MAP).
The appropriate ignition delay curves for the range of MAP values are plotted in Figure 6-13, Figure
6-14, and Figure 6-15. The level of fuel variability can be examined at a constant temperature or a
constant ignition delay time. A constant ignition delay time comparison was chosen due to uncertainty
in the value of the maximum local temperature in the chamber. As a result, the comparison will
illustrate the required temperature needed for each fuel to ignite at approximately the same crank
angle.
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The ignition delay time would need to approach 1 ms to 5 ms for ignition to occur under engine
conditions. At an engine speed of 1200 rpm, this represents 7 CAD to 36 CAD. Most of the fuel
oxidation in an engine occurs near TC, when the temperature and concentration is the highest.
Therefore, only the conditions near TC contribute to the ignition process, and the time scale for ignition
should be on the order of tens of crank angles. An ignition delay time of 3 ms was selected for the
comparison.
Figure 6-13 is best suited for MAP values less than 1.3 bar. It can be seen that for an ignition delay
time of 3 ms, the initial temperature values for Fuel #1, Fuel #2, and Fuel #3 are 809 K, 878 K, and 933 K.
This represents a range of 122 K. Figure 6-14 is best suited for MAP values between 1.3 bar and 1.7 bar.
It can be seen that the temperature range between the fuels is reduced to 99 K. Finally, Figure 6-15 is
best suited for MAP values over 1.7 bar. The temperature range between the fuels at an ignition delay
time of 3 ms is only 28 K, leading to much less fuel sensitivity.
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Figure 6-14 Fuel ignition delay curves; conditions at an ignition delay time of 3 ms; 4=0.33, n =
1000 mol/m 3
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With the above discussion, a direct link between fuel chemical kinetics and intake conditions has
been established. Altering the intake conditions can alter the chemical kinetic behavior of the fuel.
Lower intake pressures will result in a larger NTC region, leading to more fuel sensitivity. Higher intake
pressures will reduce the impact of the NTC region, and therefore lead to less fuel sensitivity.
6.2 Relating Chemical Kinetics, Intake Temperature, and Stratification
it has been demonstrated that intake pressure can directly impact the chemical kinetic oxidation
pathway for different fuels. It has been shown that this can then alter the sensitivity fuel has on the
high-load limit of a CAI engine. This section will demonstrate that chemical kinetics can impact the
effectiveness stratification has on the high-load limit. As a result, intake conditions, chemical kinetics,
and stratification all mutually contribute in determining the high-load limit.
To accomplish this, the different fuels were compared at a constant CAMPRR, such that the difference
in the knock-limited NIMEP can only be attributed to chemical kinetics (and not differences in the
combustion phasing, as was seen in the previous section). The CAMPRR can be changed by varying the
inlet temperature. To simplify the discussion, only temperature stratification was considered in this
analysis. Therefore, the engine was run with only port injection (to insure minimal fuel stratification).
As a result, when examining the chemical kinetic behavior of the fuel, only sensitivity to temperature
needs to be considered. Temperature stratification was created by lowering the coolant temperature to
50 *C, leading to an oil temperature of 60 *C to 70 *C (depending on engine speed). The analysis was
conducted at MAP values of 1.1 bar, 1.5 bar, and 1.9 bar.
6.2.1 MAP = 1.1 bar, Port Injection
Figure 6-16 displays the knock-limited NIMEP versus CAMPRR for Fuel #1, Fuel #2, and Fuel #3 with an
MAP of 1.1 bar, and an engine speed of 1200 rpm. The range of CAMPRR shown was obtained by varying
the intake temperature from 40 *C to 140 "C for all three of the fuels. The dependency of the CAMPRR
value on the intake temperature can be seen in Figure 6-17. Figure 6-16 demonstrates that Fuel #2
shows a slightly higher knock-limited NIMEP if the comparison is conducted at a constant CAMPRR value.
However, the fuel sensitivity is not large.
It should be noted that it was demonstrated that fuel sensitivity was greatest in the previous section
at lower MAP values. Yet, Figure 6-16 does not demonstrate the same degree of sensitivity. It is useful
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to examine how the current comparison differs from the comparison conducted in Section 6.1. There
are two key factors that must be considered:
1. The previous comparison was conducted at a constant intake temperature, leading to variations
in the CAMPRR value. The current comparison is conducted at a constant CAMPRR value.
2. Direct injection was used in the previous comparison, leading to both thermal and fuel
stratification. In the current analysis, port injection is used, and only thermal stratification
exists. Therefore, the fuel must be sensitive to temperature for stratification to be effective.
Since Fuel #1 is more reactive, ignition occurs much earlier if the intake temperature is kept
constant (previous analysis). However, with a constant combustion phasing analysis, Figure 6-16
demonstrates that the fuel sensitivity can be reduced. As a result, the large degree of fuel sensitivity at
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Figure 6-17 CAMPRR at high-load limit versus intake temperature; fuel comparison; port injection,
MAP = 1.1 bar, 1200 rpm
As demonstrated in Chapter 5, as the concentration decreases (for low MAP values), the NTC region,
which exhibits minimal temperature sensitivity, generally becomes more predominant in all three fuels.
Therefore, it becomes possible that regardless of intake temperature and fuel selection, ignition will
always occur partly in the NTC region. As a result, temperature stratification may not be effective for
any fuel selected.
The above observation can be solidified by examining the ignition delay curves. The comparison can
be conducted between the three fuels at a CAMPRR of 359 CAD after TC. At this point, Fuel #2 exhibits a
slightly higher knock-limited NIMEP when compared to Fuel #1 and Fuel #3; however the values are very
close (4.0 bar, 4.3 bar, and 4.0 bar for Fuel #1, Fuel #2, and Fuel #3, respectively). The average engine
conditions before the first parcel of fuel ignites can be found in Table 6-1. The ignition delay curves that
correspond to the chamber conditions before the first parcel of fuel ignites can be found in Figure 6-18.
Multiple ignition delay curves are plotted since the exact engine conditions have not been tested in the
RCM. Therefore, conditions that are close to the engine operating values have been selected.
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Table 6-1 Average combustion chamber conditions before ignition; MAP=1.1 bar, CAmPRR = 359 CAD
Fuel #1 Fuel #2 Fuel #3
Intake Temperature [*C] 70 90 130
Compression Concentration [mol/m 3] 716 677 609
Lambda 2.8 2.5 2.44
Equivalence Ratio 0.36 0.40 0.41
Average Compression Temperature [K] 846 875- 937
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Figure 6-18 Ignition delay curve corresponding to (a) Fuel #1, (b) Fuel #2, and (c) Fuel #3; MAP =
1.1 bar, CAMPRR = 359 CAD
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By examining the ignition delay curves, it can be seen that all three fuels do exhibit NTC behavior.
Since the NTC region exhibits minimal temperature sensitivity, the effectiveness of temperature
stratification in extending the load limit is reduced for all three fuels. It can also be observed that the
NTC region for Fuel #2 does have slightly more temperature sensitivity than the other two fuels, which
may have led to its slightly higher load limit. The Srmin value (temperature sensitivity described in
Chapter 5) for Fuel #2 is 2.6 K, while Fuel #1 and Fuel #3 have values of 2.4 K and 0.2 K, respectively.
Note that this single sensitivity value cannot fully describe the manner of ignition, since the location of
the NTC region must also be considered. Fuel #1 has a higher S7,nn value than Fuel #3, yet the location of
its NTC region can lead to more oxidation in the NTC region'. The remainder of this sub-section is
devoted to studying the significance of the location of the NTC region, and consequently how the
ignition delay curves should be examined.
Under close examination, it can be observed that the NTC region occurs at ignition delay times
above 5 ms for Fuel #2 and Fuel #3 (it is lower for Fuel #1). As discussed in the previous section,
oxidation is concentrated at TC during engine operation, and therefore must occur in the range of tens
of crank angles (under 5 ms for an engine speed of 1200 rpm) for ignition to occur. Later in this section,
it will be shown using the multi-zone engine simulation that the first parcel that ignites oxidizes in
slightly over 10 CAD. Therefore, it can be concluded that the initial parcel that burns in the combustion
chamber likely oxidized in the high temperature region in the ignition delay curves for Fuel #2 and
Fuel #3. However, this does not mean that the entire charge in the combustion chamber avoided
oxidizing in the NTC region.
Two factors must be considered when examining the relevance of the different regions in the
ignition delay curve:
1. The ignition delay curves that have been shown are capable of describing the final ignition
point for only the first parcel that ignites in the chamber. This occurs because the
conditions selected match the chamber conditions before ignition begins. Once one area
ignites, the concentration in the combustion chamber increases, and the oxidation process
Throughout this report, oxidation is referred to as the period of time the Livengood and Wu ignition integral
significantly raises in value. No chemical heat is released during oxidation. Ignition occurs when the integral
reaches a value of 1.
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follows a different ignition delay curve for the remainder of the fuel in the chamber. Also,
the lower temperature parcels naturally do have higher concentrations (to maintain a
uniform chamber pressure).
2. Due to temperature stratification, the first parcel can oxidize and ignite in the high
temperature region, while lower temperature parcels can begin oxidation (though likely not
ignite) in the NTC region. Therefore, the first stage of oxidation for the low temperature
parcels can lack temperature dependency (leading to a lower high-load limit).
These two factors can be illustrated by using the multi-zone simulation model described in Section
2.3.2. The conditions used in the simulation have been set to match the conditions of Fuel #1 (MAP of
1.1 bar, engine speed of 1200 rpm and intake temperature of 70 "C, equivalence ratio of 0.4). The fuel
characteristics, representing Fuel #1, are described in Table 5-2 in Section 5.5.1. Note that the model
uses the Livengood and Wu integral method to predict when ignition occurs. Essentially, oxidation
occurs as the integral increases from 0 to 1 (however, there is no chemical energy release). Then
ignition occurs when the integral reaches a value of 1.
Figure 6-19 shows the pressure trace output from the multi-zone simulation. It can be seen that the
combustion phasing lies within 1 degree of TC, which matches the engine experiments. Figure 6-20
gives the evolution of the molar concentration in three separate zones. Zone #1 represents the high
temperature zone (first zone to ignite), Zone #5 represents the medium temperature zone, and Zone
#10 represents the low temperature zone. The molar concentration immediately before ignition is
illustrated on the graph. It can be seen that it rises from 637 mol/m3to 1560 mol/m 3 based on the zone
selected. Finally, Figure 6-21 gives the evolution of the temperature in the three separate zones.
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Figure 6-20 Concentration versus engine CAD in first, middle, and last igniting zones from multi-zone
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Figure 6-21 Temperature versus engine CAD in first, middle, and last igniting zones from multi-zone
model simulation for Fuel #1
It has been shown that the conditions in the combustion chamber vary significantly between the
zones during the ignition process. The previous ignition delay curves examined were selected based on
the conditions before the first parcel of fuel ignites. To properly illustrate the relevant chemical kinetic
features of the fuel, all of the conditions that are present during ignition must be considered. Therefore,
the ignition delay curves that are examined must span the range of concentration values in each zone.
Figure 6-22 gives the impact of increasing the concentration on the fuel ignition delay curves. The
equivalence ratio represented by the curves (cp=0.33) is slightly lower than what was used in the engine.
As a result, the curves that match the engine results would be slightly lower than the curves plotted.
Also, the maximum concentration seen in Zone #10 (1560 mol/m 3 ) was not tested in the RCM. The
concentration limit for the RCM was set to 1250 mol/m 3, which is limited by the end of compression
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Figure 6-22 Ignition delay curve corresponding to (a) Fuel #1, (b) Fuel #2,
bar, CAMPRR = 359 CAD from TC, varied concentrations
and (c) Fuel #3; MAP = 1.1
A box around ignition delay times of 2 ms to 5 ms has been drawn. Conditions that contribute to
fuel oxidation should yield ignition delay times of less than 5 ms, while the RCM data becomes less
reliable under 2 ms. Therefore, the box represents the conditions that would yield significant oxidation.
It can be seen that as the concentration increases, the oxidation zone enters the NTC region for all three
fuels. However, it is important to observe that as the concentration increases, the NTC region becomes
smaller. This is particularly observable in Fuel #1 and Fuel #2, where the NTC region begins to lose
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One final observation regarding the ignition path must be considered. By examining Figure 6-21, it
can be seen that for Zone #5, the temperature immediately before ignition equals 991 K. Figure 6-22 (a)
clearly demonstrates that at this temperature, final ignition occurs in the high temperature region (using
the 1000 mol/m 3 curve), well below an ignition delay time of 1 ms. Also, Figure 6-22 (a) demonstrates
that at a concentration of 1000 mol/m 3, the NTC region is very small. The lower ignition delay time is
required to complete oxidation since the time scale for ignition after the first zone ignites changes from
tens of crank angles to only a few crank angles (the combustion duration for the above case equals
2.2 CAD). However, this does not necessarily mean that no oxidation occurred in the NTC region. This
simply places final ignition in the high temperature region.
This fact is captured by examining the evolution of the ignition integral for three zones (Figure 6-23).
The zone ignites when the ignition integral reaches a value of 1. By examining the curve for Zone #1, it
can be seen that the ignition integral rises from 0.1 to 1 in a span of slightly over 10 CAD. For Zone #5,
the ignition integral increases gradually to approximately 0.6 (representing 60% of the oxidation process
before ignition). In this stage, Zone #5 is primarily in the NTC region (since it has a low temperature and
low concentration). This can be demonstrated using Figure 6-24, which shows the ignition delay time
corresponding to the conditions in the zone. The ignition delay times are above 1 ms in this stage. The
ignition integral rises from 0.6 to 1 very abruptly when the zone temperature is pushed into the high
temperature region. Therefore, even though final ignition occurred in the high temperature region, a
















Figure 6-23 Ignition integral versus enj
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Figure 6-24 Ignition delay time versus engine CAD in first, middle, and last igniting zones with multi-
zone model simulation for Fuel #1
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The above discussion essentially demonstrated the two factors that must be considered when
examining the relevance of the different areas of the ignition delay curves. It was shown that the
various zones in the combustion chamber are at different concentrations; therefore different ignition
delay curves must be examined. This effect is magnified after one or more zones ignite. Also, it was
shown that the final placement of the ignition point on the ignition delay curve is not as significant as
the region where the majority of oxidation occurs. This is particularly important because previous zone
ignitions can push a zone to a higher temperature and concentration, which would lead to a reduced
NTC region and ignition in the high temperature region. However, before this event, the majority of
oxidation could have still occurred in the NTC region.
The above two factors can be summarized by illustrating the movement of Zone #1 (high
temperature), Zone #5 (medium temperature), and Zone #10 (low temperature) along the ignition delay
curves during their oxidation process. The process for Zone #1 is shown in Figure 6-25, the process for
Zone #5 is shown in Figure 6-26, and the process for Zone #10 is shown in Figure 6-27. The text in the
figures illustrates the zone concentration and the ignition integral value at the given condition (a value
of 1 indicates ignition). It can be seen that Zone #1 is in the high temperature region of the ignition
delay curve for most of its oxidation process. Conversely, Zone #5 stays in the NTC region (or close to
the NTC region) of the ignition delay curves for a majority of the oxidation process. As mentioned
previously, the concentration for Zone #5 (and Zone #10) varies much more significantly since it is
affected by the ignition of the previous zones. Also, the ignition delay time at the ignition point for Zone
#5 and Zone #10 falls much lower than 1 ms due to a change in the required engine time scale once
ignition in the first zone occurs. This pushes the two zones into the high temperature region, though
only for a short portion of their oxidation process.
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Figure 6-26 The oxidation process for Zone #5; Fuel #1, MAP = 1.1 bar
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Figure 6-27 The oxidation process for Zone #10; Fuel #1, MAP = 1.1 bar
The above results can be summarized by utilizing the temperature sensitivity parameter (ST) that
was defined in Chapter 5. The local Sr value can be plotted against the ignition integral to define the
local temperature sensitivity at each stage in the ignition process. This has been done for three zones in
Figure 6-28. It can be assumed that ignition occurs outside of the influence of the NTC region if the
temperature sensitivity is greater than 10 K. It should be noted that the minimum sensitivity in the NTC
region is typically under 5 K. However, a value of 10 K is used to better capture the area under the
influence of the NTC region. It can be seen that Zone #1 leaves the influence of the NTC region after
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Figure 6-28 Temperature sensitivity parameter versus ignition integral for Fuel #1
The same analysis can be conducted with Fuel #2. The conditions used in the simulation have been
set to match the conditions of Fuel #2 in Table 6-1 (MAP of 1.1 bar, engine speed of 1200 rpm, and
intake temperature of 90 *C). The fuel characteristics are described in Table 5-3 in Section 5.5.2. It
should be noted that the maximum polytropic constant (used in Zone #1) was reduced to 102% from
103% of the theoretical temperature dependent specific heat ratio. This is required since the intake
temperature has increased. Therefore, heat transfer into the chamber gases early in the compression
stroke has been reduced. The polytropic constant for the low temperature zone (Zone #10) was
reduced to 93% of the theoretical value (from 94%). Under these conditions, ignition occurs near TC,
similar to the engine experiments.
The results from the analysis with Fuel #2 are given in Figure 6-29. It can be seen that the
temperature sensitivity is greater than 10 K (leaves NTC region) after less than 10% of the oxidation
process for Zone #1 and slightly over 30% for Zone #5.
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Figure 6-29 Temperature sensitivity parameter versus ignition integral for Fuel #2
The analysis can be conducted again with Fuel #3, to illustrate that oxidation in the NTC region is
possible even though the NTC region occurs near 10 ms at the conditions before ignition. Fuel #3 differs
from Fuel #1 and Fuel #2 in that the NTC region occurs at a higher ignition delay time, yet remains
predominant at high concentrations.
The conditions used in the simulation have been set to match the conditions of Fuel #3 in Table 6-1
(MAP of 1.1 bar, engine speed of 1200 rpm, and intake temperature of 130 *C). The fuel characteristics
are described in Table 5-4 in Section 5.5.3. The maximum polytropic constant (used in Zone #1) was
reduced to 100% from 103% of the theoretical temperature dependent specific heat ratio. Since the
intake temperature has been increased higher than the wall temperatures, it is no longer possible to
have heat transfer into the chamber gases early in the compression stroke. The polytropic constant for
the low temperature zone (Zone #10) was reduced to 92% of the theoretical value (from 94%). Under
the selected conditions, ignition occurs near TC, similar to the engine experiments.
The results from the analysis are shown in Figure 6-30 for Zone #1, Zone #5, and Zone #10. It can be
seen the Zone #1 oxidizes and ignites completely in the high temperature region of the ignition delay
curve. Zone #5 stays in the NTC region for approximately 10% of the oxidation process and Zone #10
remains completely in the NTC region.
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Figure 6-30 Temperature sensitivity parameter versus ignition integral for Fuel #3
With the above analysis completed, it is now possible to study the high-load limits obtained using
each fuel (Figure 6-16). It was shown that the three fuels exhibited a similar knock-limited NIMEP. All
three fuels exhibit an NTC region at low concentrations, though the shape and location of the NTC
region is not similar. Yet, based on the principles discussed above, oxidation in the NTC region is
possible for all three fuels. This conclusion was solidified with Figure 6-28, Figure 6-29, and Figure 6-30,
which showed the medium temperature zone oxidizing in the NTC region for a portion of the total
ignition process.
A direct comparison can be conducted between the fuels by plotting the portion of the total ignition
process that occurs under the influence of the NTC region for each zone. The analysis can be found in
Figure 6-31. It should be noted that the exact percentage is highly sensitive to the threshold selected for
the NTC region (ST = 10 K). The assumptions that were made regarding the shape and magnitude of
temperature stratification in the model also greatly impacts the values provided. Therefore, Figure 6-31
should only be used to illustrate the possibility of igniting in the NTC region. The different behavior in
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Figure 6-31 Portion of oxidation in the NTC region for different ignition zones; fuel comparison
The remainder of Section 6.2 is dedicated to studying the impact of increased MAP values on the
fuel comparison with port injection. The above detailed analysis cannot be replicated due to the high
concentrations obtained with higher MAP values (particularly after one zone ignites). The concentration
values far exceed the values tested in the RCM, and it has been determined that extrapolation does not
accurately predict the NTC region. However, the fundamental conclusions attained from the above
analysis will guide the future discussion. Two guidelines will be followed:
1. The ignition delay curves that represent the conditions before ignition will be used in the
subsequent analyses.
2. It will be assumed that the presence of a large NTC region will negatively impact the
effectiveness of temperature stratification, regardless of where the NTC region occurs.
The key observation from the analytical analysis is that the NTC region may be outside of the
oxidation zone at the average concentration before ignition, yet enter the oxidation zone after the first
parcels of fuel ignite and the concentration increases (or due to the naturally higher concentrations in
the lower temperature zones). Therefore, a fuel that does not have a significant NTC region (measured
with Syini) at the conditions before ignition will take best advantage of temperature stratification. Also
note that the NTC region reduces in size as the concentration increases after ignition; therefore the
conditions before ignition present a worst case scenario.
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6.2.2 MAP = 1.5 bar, Port Injection
Figure 6-32 gives the knock-limited NIMEP as a function of CAMPRR at an intake pressure of 1.5 bar
and an engine speed of 1600 rpm. It can be seen that there is more fuel sensitivity when compared to
the analysis conducted at a lower MAP (Figure 6-16). Figure 6-33 gives the CAMPRR value obtained at
each intake temperature. It is interesting to note that the difference in the CAMPRR value at a given
intake temperature is lower than what was seen with an MAP of 1.1 bar. This is expected based on the















Figure 6-32 Knock-limited NIMEP versus CAMPRR; fuel comparison;
1600 rpm
port injection, MAP = 1.5 bar,
Figure 6-32 demonstrates the first instance where there is a large difference in the high-load limit
between the fuels at the same combustion phasing. The fuel comparisons conducted with direct
injection (Section 6.1) and port injection at an MAP of 1.1 bar (Section 6.2.1) have all demonstrated that
if the combustion phasing is similar or held constant for the comparison, the impact of fuel is small. In
Section 6.1, the combustion phasing between the fuels was similar with an MAP of 1.9 bar, leading to
very similar high-load limits between the fuels. In Section 6.2.1, the comparison was conducted at a
constant combustion phasing by varying the intake temperature.
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Figure 6-33 CAMPRR at high-load limit versus intake temperature; fuel comparison; port injection,
MAP = 1.5 bar, 1600 rpm
It is believed that the difference between the fuels in Figure 6-32 is due to the impact fuel chemical
kinetics can have on the effectiveness of temperature stratification. In Section 6.1, this impact was likely
masked due to the presence of both temperature and fuel stratification. There is no region on the
ignition delay curve that does not have sensitivity to both temperature and fuel concentration.
Therefore, stratification with direct injection will always be effective, regardless of fuel selection.
The observations in Figure 6-32 can be studied with the use of the relevant ignition delay curves.
Considering a CAMPRR value of 357 CAD after TC, the engine conditions (from the single zone simulation
model) and appropriate ignition delay curves can be found in Table 6-2 and Figure 6-34, respectively.
Table 6-2 Average combustion chamber conditions before ignition; MAP=1.5 bar, CAMPRR = 357 CAD
Fuel #1 Fuel #2 Fuel #3
Intake Temperature ["C] 40 80 110
Compression Concentration [mol/m 3] 1055 935 862
Lambda 3.36 3.17 3.27
Equivalence Ratio 0.30 0.32 0.31
Average Compression Temperature [K] 805 873 925
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Figure 6-34 Ignition delay curve corresponding to (a) Fuel #1, (b) Fuel #2, and (c) Fuel #3; MAP =
1.5 bar, CAMPRR = 357 CAD
At this stage, it can be seen that the ignition delay curve for Fuel #2 does not have a large NTC
region due to a high concentration (STmin= 4.3 K). As the concentration increases during ignition, the
NTC region will become even less predominant (Figure 5-24). By avoiding the NTC region, the chemical
kinetic behavior for Fuel #2 would exhibit the most temperature sensitivity, and should therefore yield a
larger load output. Fuel #1 does have a slightly larger NTC region in the ignition delay curve shown at
1000 mol/m 3 (STmin = 3.8 K). However, the ignition delay curves for larger concentrations should be
considered, as demonstrated in the previous section. It has been shown in Figure 5-13 that the NTC
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Fuel #3 does exhibit a large NTC region at the relevant concentration values (STmin = 1.3 K). It should
be noted that a higher intake temperature was used with Fuel #3, leading to lower concentrations. This
factor also leads to a higher NTC region, since the NTC region does become more predominant at lower
concentrations.
These conclusions demonstrate why the high-load limit for Fuel #3 is much lower than the other two
fuels at this condition. The higher concentrations obtained with the higher MAP value (1.5 bar versus
1.1 bar) reduce the predominance of the NTC region for Fuel #1 and Fuel #2, but not for Fuel #3. This is
compounded with the higher temperature used in Fuel #3, which leads to an even larger NTC region,
since the concentration is lowered. Since the NTC region is associated with a lack of temperature
sensitivity, temperature stratification would be least effective with Fuel #3.
As the CAMPRR is advanced, and a higher intake temperature is used, Fuel #1 begins to exhibit a
stronger NTC behavior (STmin = 1.7 K). The temperature sensitivity approaches the value for Fuel #3
(STmin= 1.3 K). This occurs because the higher intake temperature used with Fuel #1 leads to a lower
concentration. As a result, at a CAMPRR value of 355 CAD after TC, the knock-limited NIMEP is the same
as Fuel #3. This conclusion is supported by the engine conditions given in Table 6-3 and the ignition
delay curves shown in Figure 6-35. It has been shown in Section 6.2.1 that the emergence of an NTC
region at the lower concentrations for Fuel #1 will lead to a large degree of oxidation in the NTC region
for the low and medium temperature zones.
Table 6-3 Average combustion chamber conditions before ignition; MAP=1.5 bar, CAMPRR = 355 CAD
Fuel #1 Fuel #3
Intake Temperature [*C] 120 140
Compression Concentration [mol/m 3] 818 778
Lambda 3.42 3.29
Equivalence Ratio 0.29 0.30
Average Compression Temperature [K] 942 973
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Figure 6-35 Ignition delay curve corresponding to (a) Fuel #1, and (b) Fuel #3; MAP = 1.5 bar, CAMPRR =
355 CAD
The above discussion with an MAP value of 1.5 bar can be summarized using Table 6-4. Note that
the first number given in the table is the minimum temperature sensitivity (higher value indicates less
significant NTC region) and the second number is the temperature range of the NTC region (smaller
value indicates less significant NTC region). It can clearly be seen that for a CAMPRR value of 355 CAD
after TC, Fuel #1 and Fuel #3 have similar NTC regions, while Fuel #2 has a much less significant NTC
region. As a result, the high-load limit is larger for Fuel #2 at this condition. As the CAMPRR value is
delayed to 357 CAD after TC, the NTC region for Fuel #1 becomes less significant. As a result, Fuel #1
and Fuel #2 have similar high-load limits, while Fuel #3 has a lower load limit.
Table 6-4 Summary of relevant ignition delay curve features for MAP = 1.5 bar analysis; the values
given are in the format STmin / NTC region temperature range
6.2.3 MAP = 1.9 bar, Port Injection
Figure 6-36 shows the engine results for Fuel #1, Fuel #2 and Fuel #3 with an intake pressure of




CAmPRR [CAD] Fuel #1 Fuel #2 Fuel #3
355 1.7 K /202 K 3.8 K /159 K 1.3 K /205 K
357 3.8 K /156 K 4.3 K /160 K 1.3 K /205 K
degree of fuel sensitivity at an MAP value of 1.9 bar. This contrasts what was demonstrated with direct
injection and an MAP value of 1.9 bar (Section 6.1.4). This is due to the presence of only temperature
stratification. By nearly eliminating fuel stratification (with port injection), only fuels that exhibit
temperature sensitivity can take advantage of stratification.
By examining Figure 6-37, it can be seen that there is not a lot of sensitivity to combustion phasing
at an MAP of 1.9 bar, which matches what was observed with direct injection. This further solidifies the
observation that the fuel sensitivity shown in Figure 6-36 is due to the use of port injection rather than
direct injection (Section 6.1.4). It also enhances the argument that port injection better illuminates the
impact of stratification through the presence of only temperature stratification (as opposed to both
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Figure 6-36 Knock-limited NIMEP versus CAMPRR; fuel comparison; port injection, MAP = 1.9 bar,
1900 rpm
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Figure 6-37 CAMPRR at high-load limit versus intake temperature; fuel comparison; port injection,
MAP = 1.9 bar, 1900 rpm
It can be seen that the fuel behavior does match what was seen with an MAP value of 1.5 bar.
Fuel #2 has a higher knock-limited NIMEP than the other two fuels. Considering that Fuel #2 exhibits a
minimal NTC region, this conclusion is always expected. It is also shown that Fuel #1 has a high knock-
limited NIMEP at late CAMPRR values, where the intake temperature is low. The low intake temperature
leads to a high concentration. It has been extensively shown that the NTC region loses predominance
for Fuel #1 at high concentrations.
At early CAMPRR values, the intake temperature used for Fuel #1 is high, leading to lower
concentrations and a larger NTC region. As a result, the knock-limited NIMEP matches what is seen with
Fuel #3, which has an NTC region at all concentrations.
The above observations can be highlighted by closely examining the ignition delay curves described
in Chapter 5. The first set of conclusions can be drawn by considering the results for each fuel when the
CAMPRR value is set at approximately 357 CAD after TC. At this point, Fuel #2 yields a NIMEP of 6.3 bar,
followed by Fuel #1 at 6.0 bar, and Fuel #3 at 5.4 bar - nearly 15% lower than Fuel #2. The engine
conditions can be found in Table 6-5. The closest ignition delay curve available for each fuel that mimics
the engine conditions in Table 6-5 can be found in Figure 6-38.
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Table 6-5 Average combustion chamber conditions before ignition; MAP=1.9 bar, CAMPRR = 357 CAD
Fuel#1 Fuel#2 Fuel#3
Intake Temperature [*C] 40 70 80
Compression Concentration [mol/m 3] 1337 1220 1185
Lambda 4.45 4.3 4.36
Equivalence Ratio 0.22 0.23 0.23
Average Compression Temperature [K] 818 872 890
Temperature [K]
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Figure 6-38 Ignition delay curve corresponding to (a) Fuel #1, (b) Fuel #2, and (c) Fuel #3; MAP =
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It is apparent in Figure 6-38 that only Fuel #3 exhibits a strong NTC region where little temperature
sensitivity exists (STmin= 0.6 K versus 4.7 K and 4.5 K for Fuel #1 and Fuel #2, respectively). This is likely
the reason why Fuel #3 has a lower knock-limited NIMEP, since the NTC region will reduce the benefit of
temperature stratification. Once again, though the NTC region occurs at an ignition delay time of 8 ms,
it can still have significance in the initial oxidation of the charge, and during the ignition process when
the concentration increases and the NTC region moves to a lower ignition delay time.
The final point to address is that as the CAMPRR is advanced, the difference between Fuel #1 and
Fuel #3 decreases. The relevant engine conditions and ignition delay curves for Fuel #1 and Fuel #3 at a
CAMPRR of 352 CAD after TC are provided in Table 6-6 and Figure 6-39.
Table 6-6 Average combustion chamber conditions before ignition; MAP=1.9 bar, CAMPRR = 352 CAD
Fuel #1 Fuel #3
Intake Temperature [*C] 130 140
Compression Concentration [mol/m 3] 946 923
Lambda 4.5 4.3
Equivalence Ratio 0.22 0.23
Average Compression Temperature [K] 963 978
Temperature [K]
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100
650
1.00 1.05 1.10 1.15 1.20 1.25 1. 1. 1.40 1.45
1000/Temperature (11K)
Temperature [K)
1000 950 900 850 800 750










(a) Fuel #1 (b) Fuel #3




It can be seen that an NTC region does develop for Fuel #1 at the lower concentration value. It
should be noted that the local engine zone concentration is lower than what is plotted, which would
lead to a larger NTC region. However, this condition was not tested with the RCM at an equivalence
ratio of 0.25.
The results for the analysis at an MAP value of 1.9 bar have been summarized in Table 6-7. With a
CAMPRR value of 357 CAD after TC, it is clear that Fuel #1 and Fuel #2 have a much less significant NTC
region when compared to Fuel #3. As a result, the high-load limit is much smaller with Fuel #3. At a
CAMPRR value of 352 CAD after TC, Fuel #2 clearly has the least significant NTC region, and does give the
highest load output. The NTC region for Fuel #3 is larger than Fuel #1, yet the high-load limit is similar.
This is likely due to the limitations of using only one ignition delay curve in the analysis, and placing less
significance on the location of the NTC region.
Table 6-7 Summary of relevant ignition delay curve features for MAP = 1.9 bar analysis; the values
given are in the format STmi / NTC region temperature range
6.3 Impact of Combustion Phasing
A review of the literature (Chapter 1) has demonstrated that an earlier combustion phasing does
lead to a reduction in the knock-limited NIMEP. Therefore, in order to focus only on how chemical
kinetics impacts the effectiveness of stratification, the comparisons between the different fuels in
Section 6.2 were conducted at the same combustion phasing. It is worthwhile to now examine the role
of only combustion phasing.
Figure 6-16, Figure 6-32, and Figure 6-36 all show that as the combustion phasing shifts earlier, the
knock-limited NIMEP does decrease, which is consistent with the conclusions in the literature. Part of
this decrease can be attributed to a reduction in the efficiency due to an earlier heat release point. This
is demonstrated in Figure 6-40, which shows the knock-limited NIMEP and efficiency for Fuel #3, at an
MAP of 1.9 bar. Figure 6-41 displays the normalized values to demonstrate the relative drop in the
NIMEP and efficiency as combustion phasing is advanced.
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CAMPRR [CAD] Fuel #1 Fuel #2 Fuel #3
352 4.3 K /159 K 4.9 K / 172 K 2.1 K /212 K



















Figure 6-40 Impact of combustion phasing on knock-limited
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Figure 6-41 Impact of combustion phasing on normalized NIMEP and efficiency; port injection,
MAP=1.9 bar, 1900 rpm, Fuel #3
The efficiency is calculated using the excess air ratio obtained from a Horiba Mexa-720 NO, analyzer
and the air flow rate is obtained from a Kurz 505 thermal anemometer. The efficiency is lower than
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what can be potentially attained with CAI combustion due to a non-ideal combustion phasing and a
large amount of heat transfer due to a low coolant temperature (50 *C) and high compression ratio (19).
It is clear that the knock-limited NIMEP does drop at a larger rate than the efficiency. Over the
entire combustion phasing span tested, the efficiency dropped by 18%, while the knock-limited NIMEP
dropped by 30%. This is consistent with all of the data sets (for different fuels and conditions) available.
This demonstrates that there is another underlying reason that leads to a lower knock-limited NIMEP at
earlier combustion phasing values. It has been theorized that, when the mixture ignites sequentially, it
is preferable that the rate of volume change is positive. As a result, it would be possible for areas that
have not ignited to expand, which would slow down their ignition time. This can theoretically lead to a
more sequential ignition and longer combustion durations.
It should be noted that the combustion phasing was shifted by changing intake temperature in the
conditions discussed above. However, many other variables can be used to modify combustion phasing
that can lead to different results. An increase in MAP will lead to an earlier combustion phasing (see
Figure 6-2, Figure 6-6, Figure 6-8, and Figure 6-10) if the intake temperature and engine speed remain
constant. However, the results demonstrate that increasing the MAP will lead to a higher knock-limited
NIMEP. The reason for this will become apparent in Section 7.2. It is mentioned here only to illustrate
that to modify the combustion phasing, another variable must change. The variable selected will impact
the conclusions that are drawn.
The engine speed can also be used to change combustion phasing. As engine speed increases, for
the same intake temperature and MAP, the combustion phasing becomes delayed. It has been shown
that the knock-limited NIMEP either stays the same or decreases (see Figure 6-1, Figure 6-5, Figure 6-7,
and Figure 6-9) as the engine speed increases and combustion becomes delayed. This is therefore a
different conclusion than what was seen when intake temperature was used to change the combustion
phasing. This can occur because as engine speed increases, the mixture ignites less sequentially, as was
demonstrated by the Sequential Ignition Index in Figure 3-18.
6.4 Conclusions
A direct link between fuel chemical kinetics and intake conditions has been established. Using
engine runs with direct injection (both thermal and fuel stratification), it has been shown that altering
the intake pressure can alter the chemical kinetic behavior of the fuel. This analysis found that lower
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intake pressures will result in a larger NTC region, leading to more fuel sensitivity. Higher intake
pressures will reduce the impact of the NTC region, and therefore lead to less fuel sensitivity. This
occurs because unique fuel characteristics generally occur in the NTC region. The low and high
temperature regions are very similar between the different gasoline blends.
The interdependence between fuel chemical kinetics, intake conditions, and stratification was
demonstrated using port injection. This led to the presence of only thermal stratification, which makes
it possible to identify the role of stratification. In general, it was found that it is desirable to select a fuel
that does not have a predominant NTC region at the engine conditions before ignition, which would
ensure a large degree of temperature sensitivity. This then takes full advantage of the temperature
distribution, which can then lead to sequential ignition, and a higher knock-limited NIMEP.
At an MAP value of 1.1 bar, all three fuels tested exhibited NTC like behavior, leading to similar
knock-limited NIMEP values. As the MAP increases, the NTC region lost predominance for Fuel #2. As a
result, Fuel #2 generated the highest load limit from the three fuels tested.
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Chapter 7. Application
7.1 The Process of Fuel Selection
At this point, the link between chemical kinetics, intake conditions, and stratification has been
completely established. The intake pressure and temperature alter the concentration of the mixture,
which directly impacts the chemical kinetic behavior and the shape of the ignition delay curve. Also, the
chemical kinetics behavior, which is controlled by the intake conditions, directly impacts the
effectiveness stratification has on the high-load limit.
Based on the conclusions from Chapter 6, it can be stated that the engine operating with Fuel #2 can
attain the highest knock-limited NIMEP, when compared to the other two fuels tested. The chemical
kinetic behavior of Fuel #2 has a large degree of temperature sensitivity. As a result, the naturally
occurring temperature stratification present with port injection can be used effectively. However, the
robustness of this conclusion must be evaluated considering the nature of the comparison and the
uniqueness of the engine.
It was found that at a low MAP value, and port injection, fuel sensitivity at a constant combustion
phasing was not large due to a lower overall concentration. The lower concentration led to the
development of an NTC region in all three fuels. Also, with direct injection, fuel sensitivity was only
present when there was a significant difference in the combustion phasing between the fuels (constant
intake temperature comparison). Combustion phasing can easily be adjusted, and should not form the
basis of the fuel comparison. At higher MAP values, and direct injection, the difference in the
combustion phasing was reduced, and the high-load limit demonstrated negligible fuel sensitivity.
As a result, Fuel #2 only led to a significantly higher knock-limited NIMEP with port injection and
high MAP values. Port injection is required to ensure only temperature stratification is present (as
opposed to fuel stratification). This favors Fuel #2, which has demonstrated the most sensitivity to
temperature with regards to its chemical kinetic behavior.
Based on these observations, it is likely that Fuel #2 will not be the optimal fuel in every CAI engine
developed. Therefore, the conclusions presented in the report should be used to develop a robust
procedure for fuel selection that can be used in any CAI engine. As outlined in Figure 7-1, there are
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three key steps that must be followed when selecting a fuel for a CAI engine. These steps will be outline
for the remainder of this section.
3. Select fuel based on1. Determine engi 2. Determine level and ignition delay curve @
Param eters type of stratification appropriate_ conditions
appro priate condit ions
Figure 7-1 Fuel selection procedure guideline
7.1.1 Engine Parameters
It has been demonstrated that the intake pressure and temperature can effectively alter the
chemical kinetic behavior of the fuel. As a result, to identify an ideal fuel for a given CAI engine, the
engine parameters and operating conditions must first be considered. The objective is to determine the
end of compression concentration. The end of compression temperature can be difficult to obtain due
to temperature stratification. However, the average temperature can be calculated, and the peak
temperature can be inferred from the engine combustion phasing. The peak equivalence ratio is also
needed to determine the appropriate ignition delay curve that should be used for the analysis.
Due to the nature of CAI engine combustion, many different engines have been used by researchers
over the past decade. A small sample of the engines can be found in Table 7-1. The single zone model
was used to determine their motored end of compression concentration and temperature. It can be
seen that the concentration values span from 203 mol/m 3 to 1608 mol/m 3. The motored temperature
value is not as significant since many of the engines listed use internal EGR to adjust the fired
compression temperature. It should also be noted that the fuel concentration does not vary as much as
the total concentration. The engines that run at high concentrations have excess air or use a significant
amount of EGR. It has been shown in this report that excess air does impact the ignition kinetics, at a
constant fuel concentration, by reducing the size of the NTC region.
Table 7-1 CAI engine parameters outlined in recent literature
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Motored End of
Bore Stroke Intake Intake CompressionOrganization Vd [cC] CR Bore Stok Temp. Pressure
[K] [bar] Conc. Temp
[mol/m 3] [K]
Current Report 467 19 80 93 313to 119 596 to 829toeport413 1.- 1358 1006
Massachusetts Institute of 449.8 12.3 80.26 88.9 393 1 368 855
Technology [32]
Massachusetts Institute of 565 11.1 87.5 94 298 1 438 678
Technology [33]
General Motors Research 550 12.5 86 94.6 363 0.5 to 203 to 810[3] 0.7 284
Sandia National 980 14 102 120 333 to I to 3.25 393 to 798 to
Laboratories [9] 419 1608 932
Nippon Oil Corporation [18] 500 15 86 86 323 1.5 819 791
Royal Institute of 2000 14 127 154 313 1.5 789 761
Technology [13]
Lotus Engineering [7] 450 10.5 80.5 88.2 298 1 415 666
University of Wisconsin- 550 10.95 86 94.6 373 to 0.95 290 to 797 to
Madison [11] 423 328 872
University of Wisconsin- 612 16.55 82.6 114.3 380 1 511 906
Madison [34]
7.1.2 Engine Stratification
At this point, it must also be determined whether the engine geometry and operating conditions will
create predominantly temperature stratification or fuel concentration stratification. This sub-section
will attempt to highlight a number of engine aspects that can favor the creation of either type of
stratification.
As described in [2], temperature stratification can be created naturally due to the presence of
relatively cold walls. This can be magnified with certain engine operating conditions. For example, an
engine running with a slightly lower coolant temperature would naturally produce more thermal
stratification leading to a higher knock-limited NIMEP, as shown in this report and by Sjdberg [4].
The use of a larger compression ratio typically leads to higher heat losses due to higher combustion
gas temperatures. The larger degree of heat losses is indicative of a higher level of thermal
stratification. Also, a higher compression ratio would serve to magnify the stratification that exists
before compression. For example, with a polytropic constant of 1.4, and initial temperature values of
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300 K and 340 K, a compression ratio of 12 would lead to 108 "C of stratification at TC, while a
compression ratio of 19 would lead to 130 *C of stratification.
Since many CAI engines are actually modified SI engines, the compression ratio is typically from 10
to 12. As a result, to insure ignition, significant charge heating is required. Charge heating is possible
with the use of trapped residual gas from the previous cycle. An increased residual gas fraction is
typically obtained using a Negative Valve Overlap (NVO) strategy, which closes the exhaust valve well
before the intake valve opens. This traps a significant amount of hot residuals in the engine, which is
used to heat the fresh air and fuel that enter during the intake stroke. It can be expected that this
strategy would enhance thermal stratification, since the time available for mixing is in the order of tens
of milliseconds. As the amount of residual gas increases, the stratification is likely to increase. Even
without the use of an NVO strategy, residual gas fractions in SI based engines can range from 10% to
20% [26], which may induce noticeable stratification.
It should be noted that the residual fraction for the diesel based engine used in this report was
negligible due to the small NVO of 3 degrees, high intake pressure, and high compression ratio.
Assuming an internal exhaust gas temperature of 300 *C, an intake temperature of 40 "C, a compression
ratio of 19, and an intake pressure of 1.5 bar, the residual fraction is approximately 1.9 %. Note that an
intake pressure above 1 bar prevents exhaust gas reentry. Also, a higher intake pressure (along with a
lower intake temperature) reduces the significance of the remaining exhaust gas (which can be assumed
to be at 1 bar), since relatively more fresh air is induced. Using a similar argument, a higher exhaust gas
temperature also reduces the residual fraction. Finally, the residual fraction scales inversely with the
compression ratio. This should be expected since the volume occupied by the remaining exhaust gas
(relative to the total volume) at TC is dictated by the compression ratio. Therefore, the high
compression ratio of 19 used in the engine tested (and other diesel based CAI engines) contributes to
the low residual fraction.
Temperature stratification can also be created in an engine with a large swirl ratio, which enhances
the turbulent energy transfer from the cold walls. It has been demonstrated in the literature that a
larger swirl ratio can lead to enhanced thermal stratification [4]. A large swirl ratio can be created in the
intake port or with piston geometry. Most small diesel engines do create significant swirl to enhance
mixing and reduce soot formation. The diesel based engine used in this report generated swirl with a
bowl-in-piston combustion chamber geometry. It can also be hypothesized that the large squish flow
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associated with diesel engines can also increase thermal stratification near TC. The squish flow can push
colder gases into the piston bowl, which would then mix with the hotter gases in a vortex caused by the
interaction with the swirl flow. The penetration depth decreases as swirl increases [35], indicating a
possible optimal configuration for the levels of swirl and squish flow. This statement, however, has not
been verified in this report, or in the literature.
The use of direct injection, as opposed to port injection, can also create thermal stratification with
local evaporative charge cooling. For a local stoichiometric zone, and an MAP value of 1 bar, 16 K of
charge cooling can be attained with iso-octane, assuming only 50% of the evaporative energy is attained
from the combustion gases. This value will then be magnified after compression based on the
compression ratio selected, as previously discussed.
Even without charge cooling, the presence of a fuel concentration distribution can lead to
temperature stratification due to differences in the local polytropic constants. This can be displayed
using the multi-zone simulation model outlined in this report. It can be assumed that the polytropic
constants equal the specific heat ratios in each zone. Then, with an initial temperature of 300 K and an
MAP of 1 bar, a local zone with an equivalence ratio of 1 will lead to a compressed temperature of
785 K, while a zone with an equivalence ratio of 0.3 will lead to a compressed temperature of 855 K.
This assumes no heat transfer between the zones. The addition of heat transfer would decrease the
temperature difference between the zones.
The above discussion has highlighted many aspects of engine operation and design that can induce
temperature stratification. These include coolant temperature, compression ratio, valve strategy,
residual gas fractions, swirl and squish flow, charge evaporative cooling, and differences in local
polytropic constants due to fuel concentration stratification. The last two items are associated with the
formation of a fuel concentration distribution. It is therefore useful to discuss how fuel concentration
stratification can be developed.
Generally, port injection will lead to insignificant fuel concentration stratification. However, this
may not be the case at low intake temperatures and low fuel pressures. To create fuel concentration
stratification, direct injection typically needs to be implemented. It has been shown in this report that
the stratification created with direct injection is heavily dependent on the injection timing. It was
demonstrated that early injection can lead to the most effective stratification with the CAI engine
tested. Note that the most effective stratification is not necessarily the largest amount of stratification.
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This occurs because as the fuel concentration stratification increases, the local heat release rate also
increases, which increases the engine's knock tendency. Also, there can be a negative impact on the
temperature stratification as the fuel concentration stratification increases. Finally, the NOx emissions
can increase substantially with a higher local fuel concentration value, due to a higher combustion
temperature. These factors must be balanced with the increase in the non-uniformity of the mixture
with fuel stratification, which can result in different parcels igniting at different times, thereby reducing
the engine's knock tendency.
In general, injection timing will determine the level of fuel-air mixing that is achievable. An earlier
timing value can provide more mixing, and consequently less stratification. However, an earlier timing
also may lead to more fuel wall wetting, since injection occurs at a lower chamber pressure, which
decreases the spray penetration depth.
The fuel volatility will play a role in determining the degree of stratification with direct injection. A
highly volatile fuel will evaporate at lower temperatures, which will likely reduce the level of
stratification. Similarly, a higher fuel injection pressure can lead to better fuel atomization, and lower
levels of stratification. However, a higher fuel pressure will also increase the penetration depth of the
fuel jet. Combined with early injection (and hence a lower chamber pressure), this can increase the
likelihood of wall wetting, thereby increasing the level of fuel concentration stratification. Finally, the
injector cone angle will also determine the level of wall wetting, which impacts the degree of fuel
concentration stratification.
A combined port and direct injection system can also be used to create more controlled fuel
concentration stratification. This strategy was successfully implemented by Sjdberg [16] and Dec [17],
where the majority of the fuel was premixed, while directly injecting the remainder. Their objective was
to insure that stratification reached everywhere in the combustion chamber such that there were no
overly lean regions (determined by CO formation). Also, the maximum local equivalence ratio, which
limited the amount of fuel injected directly, was constrained by NO, formation.
With the above discussion, it is possible to classify engine stratification based on engine design,
engine parameters, and injection strategy. However, the quantitative level of stratification can be found
only through complex experimental techniques or Computational Fluid Dynamics (CFD) modeling, which
has inherent inaccuracies.
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7.1.3 Altering the Ignition Delay Curve
With the above information regarding engine operating conditions and stratification, a fuel with an
appropriate ignition delay curve can be selected to maximize the high-load limit. The first step in the
fuel selection procedure is to ensure that the reactivity of the fuel is such that ignition occurs near the
misfire limit at the engine condition where the maximum NIMEP is desired. In general, operation near
the misfire limit can be attained with EGR, which would then eliminate this step from the fuel selection
procedure.
Then, the fuel ignition delay curve must be selected such that the NTC region is minimized at the
conditions (concentration and equivalence ratio) before ignition if temperature stratification is
dominant. It has been shown that it would be difficult to position an NTC region such that it does not
impact the oxidation pathway. For example, the NTC region may be outside of the oxidation zone at the
concentration before ignition occurs, yet enter the oxidation zone after the first parcels ignite and the
concentration increases. Therefore, simply selecting a curve that does not have an NTC region would be
the best procedure. Also note that if no NTC region occurs at the conditions before ignition, it is not
possible for one to occur after ignition, since a higher concentration reduces the size of the NTC region.
It can also be hypothesized that oxidation in the NTC region is desirable if fuel concentration
stratification is dominant; however, this was not demonstrated in this report.
Given a baseline fuel, it may be possible to shape the ignition delay curve with the use of additives
to accomplish the above goals. Shaping the ignition delay curve requires a knowledge of the impact
different additives can have on a baseline fuel. Chevron provided six blending components to be tested
for this purpose. A quantity of 10% liquid volume of each component was added to Fuel #1 to create
fuel classifications Fuel #1-1 to Fuel #1-6. The impact of each additive on the ignition delay curve was
tested with the RCM.
The results for the first additive are shown in Figure 7-2. It can be seen that all of the ignition delay
curves are shifted down. Also, the NTC region occurs at a slightly higher temperature.
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Figure 7-2 Impact of Additive #1 on ignition delay curves for (a) n = 500 mol/m 3, 4=0.5, (b) n =
500 mol/m 3, 4=1, and (c) n = 750 mol/m, c0=1
The impact of Additive #2 is shown in Figure 7-3. It can be seen that the additive has no impact on
the ignition delay curve. It can then be concluded that the additive likely exhibits a level of reactivity
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Figure 7-3 Impact of Additive #2 on ignition delay curves for (a) n = 500 mol/m 3, *=0.5, (b) n =
500 mol/m 3, 0=1, and (c) n = 750 mol/m 3, 4=1
Figure 7-4 shows the impact of Additive #3 on the ignition delay curve. It can be seen that all of the
curves have been shifted up, which indicates a reduced level of reactivity. The slope of the NTC region










I10M (60 'R00 050 oM) 750
100O)Terriature [1/<1
Temperatwe [K]

















Figure 7-4 Impact of Additive #3 on ignition delay curves for (a) n = 500 mol/m 3, 4=0.5, (b) n =
500 mol/m 3, 4 =1, and (c) n = 750 mol/m 3, 40=1
The ignition delay curves with Additive #4 are given in Figure 7-5. Similar to Additive #3, all of the
curves have been shifted up. However, the shift is larger with an equivalence ratio of 0.5. This indicates
that sensitivity to fuel concentration stratification may increase.
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Figure 7-5 Impact of Additive #4 on ignition delay curves for (a) n = 500 mol/m 3, 4=0.5, (b) n =
500 mol/m 3, *=1, and (c) n = 750 mol/m 3, +=1
Figure 7-6 shows the impact Additive #5 has on the ignition delay curves. Once again, all of the
curves have been shifted up. However, the NTC region has not changed dramatically, and there is no
additional sensitivity to equivalence ratio.
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Figure 7-6 Impact of Additive #5 on ignition delay curves for (a) n = 500 mol/m 3, 4=0.5, (b) n =
500 mol/m 3, 4=1, and (c) n = 750 mol/m 3, cI=1
Figure 7-7 gives the ignition delay curves for Additive #6. It can be seen that only the lower
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Figure 7-7 Impact of Additive #6 on ignition delay curves for (a) n = 500 mol/m 3, 4)=0.5, (b) n =
500 mol/m 3, 4=1, and (c) n = 750 mol/m 3, cI,




Table 7-2 Impact of six additives tested on ignition delay curves
7.2 The Impact of Intake Pressure
In search for a proper fuel selection procedure, this research has placed a large focus on the direct
impact of intake pressure on chemical kinetics, which then indirectly impacts the effectiveness of
stratification. However, intake pressure can impact the high-load limit through other methods that are
not related to fuel selection. It has been demonstrated that increasing the intake pressure can
effectively increase the knock-limited NIMEP (Figure 6-1, Figure 6-5, Figure 6-7, and Figure 6-9). An
examination of the results reveals that there are three distinct methods the MAP can impact the high-
load limit of a CAI engine:
1. The intake pressure changes the overall charge concentration, which can impact the shape
of the ignition delay curve (reduce NTC region). This impacts overall fuel sensitivity and the
effectiveness of stratification.
2. For the same NIMEP (and therefore fuel concentration), a higher MAP is attained by
increasing the oxygen concentration. This leads to a higher reactivity, which advances the
ignition, and negatively impacts the high-load limit. This is only true if excess air is used to
increase the MAP (as opposed to EGR). Also, a higher MAP typically allows for higher fuel
concentrations, which also leads to a higher reactivity and earlier combustion.
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Fuel . Potential Impact on
Additive Engine
Fuel #1-1 Shifts all curves down *Positive with strong T
'Delays start of NTC region distribution
Fuel #1-2 *No impact 'No impact
Fuel #1-3 +Shift curves up -Positive with strong *
-Increases size of NTC region distribution
Fuel #1-4 'Shift curves up -Positive with strong d)
*More impact on lower # distribution
Fuel #1-5 -Shift curves up 'Highercharge heating
requirement
Fuel #1-6 *Starts NTC region early *Positive with strong *
*Shifts only lower 4) curve up distribution
3. A higher MAP leads to higher chamber pressures, which reduces the Knock Intensity (which
is inversely proportional to pressure). This effectively extends the knock-limited high-load
limit. Note that for the same MPRR, and with sequential ignition, a higher chamber
pressure also reduces the pressure oscillation amplitude, which then reduces the Knock
Intensity. This occurs because the MPRR threshold (for sequential ignition) that determines
when pressure oscillations occur is proportional to pressure.
7.2.1 Impact of MAP with Direct Injection
To demonstrate the above three effects, a sample case, with Fuel #1, injection at 210 CAD after TC,
and a fuel pressure of 500 bar, will be examined more closely. The results for MAP values of 1.3 bar to
1.9 bar, and an engine speed of 1300 rpm, are shown in Figure 7-8, Figure 7-9, and Figure 7-10. It can be
seen that, for the same NIMEP, the MPRR is larger at lower intake pressure values. This is attributed to
Point 1 - ignition at higher intake pressures leads to a smaller NTC region, and more effective
stratification. It should be noted that the CAMPRR (Figure 7-10) is before TC for all of the cases. This
indicates that combustion phasing will play less of a role in affecting the high-load limit.
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Figure 7-8 MPRR versus NIMEP with MAP dependency displayed; direct injection, Injection Timing =
210 CAD, Fuel Pressure = 500 bar, Tin = 40 *C, 1300 rpm
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Figure 7-9 Knock Intensity versus NIMEP with MAP dependency displayed; direct injection, Injection
Timing = 210 CAD, Fuel Pressure = 500 bar, Tin = 40 "C, 1300 rpm
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Figure 7-10 CAMPRR versus NIMEP with MAP dependency displayed; direct injection, Injection Timing =
210 CAD, Fuel Pressure = 500 bar, Tin = 40 "C, 1300 rpm
The results for the same case, but at a higher engine speed (2100 rpm) are shown in Figure 7-11,


















CAD to 366 CAD after TC for the 1.3 bar MAP case. As a result, this late ignition does help reduce the
MPRR for the low intake pressure cases, which essentially overcomes the lack of sensitivity to
stratification. In essence, the benefit outlined in Point 1 is negated by Point 2, and the MPRR is no
longer dependent on intake pressure. However, the Knock Intensity is still lower at higher intake
pressures. This is due to a larger underlying pressure, which directly reduces the Knock Intensity (Point
3).
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Figure 7-11 MPRR versus NIMEP with MAP dependency displayed; direct injection, Injection Timing =
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Figure 7-12 Knock Intensity versus NIMEP with MAP dependency displayed; direct injection, Injection
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Figure 7-13 CAMPRR versus NIMEP with MAP dependency displayed; direct injection, Injection Timing =
210 CAD, Fuel Pressure = 500 bar, Tin = 40 "C, 2100 rpm
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Therefore, it can be seen that all three points must be considered when evaluating the impact of
intake pressure. The final results do depend on the engine operating conditions and the fuel chemical
kinetics.
The results from Section 6.1 can now be used to demonstrate the impact of MAP on the high-load
limit. Beginning with Fuel #1, the knock-limited NIMEP versus engine speed is given in Figure 7-14 for
MAP values of 1.3 bar to 1.9 bar. The CAMPRR is given in Figure 7-15. It can be seen that the highest
NIMEP is obtained with an MAP of 1.9 bar. The impact of MAP is reduced as the engine speed increases.
This occurs because the lower MAP values begin igniting after TC. As a result, the volume expansion in
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Figure 7-14 Knock-limited NIMEP versus engine speed with MAP dependency displayed; direct
injection, Injection Timing = 210 CAD, Fuel Pressure = 500 bar, Tin = 40 *C, Fuel #1
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Figure 7-15 CAMPRR at high-load limit versus engine speed with MAP dependency displayed; direct
injection, Injection Timing = 210 CAD, Fuel Pressure = 500 bar, Tin = 40 *C, Fuel #1
The same analysis was conducted with Fuel #2 (Figure 7-16 and Figure 7-17). It can be seen that the
highest MAP value yields the highest load limit. However, as engine speed increases, the difference is
much less significant. This occurs because combustion much later than TC is attainable at the lower
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Figure 7-16 Knock-limited NIMEP versus engine speed with MAP dependency displayed; direct
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Figure 7-17 CAmPRR at high-load limit versus engine speed with MAP dependency displayed; direct
injection, Injection Timing = 210 CAD, Fuel Pressure = 500 bar, Tin = 40 *C, Fuel #2
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Figure 7-18 Knock-limited NIMEP versus engine speed with MAP dependency displayed; direct
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Figure 7-19 CAMPRR at high-load limit versus engine speed with MAP dependency displayed; direct









7.2.2 Impact of MAP with Port Injection
A similar analysis can be conducted with port injection, which would yield predominantly only
temperature stratification. Fuel #1 was run with MAP values of 1.1 bar to 1.9 bar at 1200 rpm. The
high-load limit at each MAP value is given in Figure 7-20. It should be noted that at an MAP of 1.9 bar,
the amount of fuel injected was limited by the maximum chamber pressure (170 bar). Therefore, the
Knock Intensity was under 3 MW/m 2. It could be seen that as the MAP increases, the high-load limit
also increases. This conclusion is similar to what was found with direct injection. Also note that the
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Figure 7-20 Impact of MAP on maximum NIMEP and CAmPRR; port injection, Ti = 40 *C, 1200 rpm
The variation of MPRR, Knock Intensity, and CAMPRR with NIMEP can be found in Figure 7-21, Figure








Figure 7-21 MPRR versus NIMEP with MAP dependency displayed; port injection, Tin = 40 "C, 1200 rpm
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Figure 7-23 CAMPRR versus NIMEP with MAP dependency displayed; port injection, Tin =40 "C,
1200 rpm
It can be seen that the MPRR at a given NIMEP value is lower with a higher MAP, even though
combustion phasing is more delayed at lower MAP values. This occurs because there is more
temperature sensitivity in the ignition delay curves at higher MAP values, due to a smaller NTC region.
As a result, the effectiveness of stratification is increased.
It should be noted that Dec [9] found that if excess air is used to increase the MAP (as opposed to
EGR), the earlier combustion phasing leads to a reduction in the knock-limited NIMEP. This counters the
conclusions shown in Figure 7-20. It is possible that the large medium-duty diesel engine Dec used in his
study does not have as much temperature stratification as the engine used in this report. As a result,
the benefit of the reduced NTC region at higher MAP values could not counter the earlier combustion
phasing.
The filtered pressure trace and microphone data for the highest NIMEP obtained at each MAP value
is plotted in Figure 7-24 to Figure 7-28. It can be seen that each pressure trace has a significant amount
of pressure oscillations. The microphone also has picked up an audible signal in the knocking frequency
range for each test case. The microphone noise is slightly lower for an MAP value of 1.1 bar. However,
by examining Figure 7-22, it is clear by the steep incline in Knock Intensity that little additional load can
be attained.
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Figure 7-24 Filtered pressure and microphone data; port injection, MAP = 1.1 bar, Tin = 40 *C, NIMEP =
4.62 bar
MPRR= 19.0 Ma/ins, AP= 0.40 Ma, KI1= 4.66 MA/ni 2, MIC = 0.44V
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Figure 7-25 Filtered pressure and microphone data; port injection, MAP = 1.3 bar, Tin = 40 *C, NIMEP =
5.35 bar
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Figure 7-26 Filtered pressure and microphone data; port injection, MAP = 1.5 bar, Tin = 40 *C, NIMEP =
5.91 bar




lime [msj 0 35 i lime [ims
Figure 7-27 Filtered pressure and microphone data; port injection, MAP = 1.7 bar, Tin = 40 *C, NIMEP =
6.57 bar
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Figure 7-28 Filtered pressure and microphone data; port injection, MAP = 1.9 bar, Tin = 40 *C, NIMEP =
7.03 bar
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Chapter 8. Summary and Conclusions
The objective of this report has been to study methods that can be used to lengthen the combustion
duration in CAI engines, thereby extending the high-load limit. In particular, the relationship between
fuel selection and the effectiveness of stratification was examined. This was accomplished in four
distinguishable phases:
1. Determine a knock metric that can be used to define when the high-load limit is reached.
2. Evaluate how stratification can be created in the engine, and its impact on the high-load limit.
3. Study how intake conditions and fuel chemical kinetics can impact the effectiveness of
stratification.
4. Apply the results to develop a fuel selection procedure for CAI engines. The results can also be
used to evaluate the role of intake pressure on the high-load limit.
There are specific conclusions that have been formulated for each phase of this report. The
conclusions will be summarized in this section.
8.1 Knock Metric
* The Knock Intensity defined by Eng [3] accurately predicts the onset of knock for a wide variety
of engine operating conditions. This was verified by comparing the Knock Intensity to the
audible noise signal from a microphone on top of the firing cylinder. The Knock Intensity was
calculated using the pressure oscillations in the cylinder pressure signal sampled at 100 kHz.
The signal was filtered from 4 kHz to 20 kHz, and the maximum pressure oscillation (averaged
over a number of cycles) was used as the value inserted in the Knock Intensity correlation.
" The Ringing Index defined by Eng [3] cannot be used when significant stratification leading to
sequential ignition is present. The correlation used to predict the pressure oscillation amplitude
assumes that pressure oscillations are always present in the engine, regardless of engine
operating conditions. However, sequential ignition can lead to engine operation without
pressure oscillations. Yelvington [1] defined a threshold that predicts when pressure oscillations
form with sequential ignition.
" A modified pressure oscillation correlation that considers MPRR, chamber pressure, chamber
temperature, and combustion length scale has been presented. In essence, a threshold was
201
placed on the MPRR that would lead to pressure oscillations. The threshold scales linearly with
pressure and to the square root of temperature. It was determined that the threshold should
be 9 MPa/ms at 100 bar, 1500 K, and a combustion length scale that is associated with
sequential ignition. The new correlation is restated below:
16P = 4 a- MPRRTO P Lc T]
e The Sequential Ignition Index (SIl) has been defined such that a value of 0% indicates
spontaneous ignition (a combustion length scale much greater than the scale defined by
sequential ignition) and a value of 100% indicates sequential ignition. The SII is restated below,
with p = 0.05 ms:
(d P APMEASURED
SI _cdt/_max
Lc MPR RT iO
8.2 Role of Stratification
* Temperature stratification can be adjusted by changing the coolant temperature. A lower
coolant temperature would lead to colder chamber walls, leading to more stratification. It was
found that the knock-limited NIMEP can increase by up to 14% by decreasing the coolant
temperature from 80 *C to 40 *C.
" It was found that late direct injection timing, while still maintaining CAI combustion, has a
detrimental impact on the high-load limit. As the injection timing is delayed, less fuel/air mixing
occurs, and combustion becomes isolated in one area of the chamber. This then increases the
local volumetric heat release rate, which can lead to local over-pressures, and eventually
significant pressure oscillations. A concentrated fuel distribution can also have a negative
impact on the thermal stratification by reducing local temperatures due to evaporative charge
cooling and a lower polytropic constant. The entire temperature distribution is also not used if
the fuel is concentrated in one area of the combustion chamber.
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" Early direct injection can lead to an increase in the knock-limited NIMEP, when compared to
port injection. Since the ignition timing is earlier with direct injection, it can be hypothesized
that there are local areas with a slightly higher equivalence ratio. Since significant NOx
emissions did not develop, it is likely that the fuel concentration stratification is gradual. As a
result, the mixture non-uniformity can promote sequential ignition, while also not significantly
altering the temperature distribution. As the intake temperature increases to 80 *C, the
difference between port injection and early direct injection is eliminated.
8.3 Mutual Dependency of Intake Conditions, Chemical Kinetics, and Stratification
* The ignition delay curves for a number of different concentrations and equivalence ratios were
found for three baseline fuels using a Rapid Compression Machine. The data for each curve was
fit to an ignition delay correlation based on the Arrhenius form of chemical kinetic reaction
rates. The coefficients were fit with fourth order polynomials to accurately predict the NTC
region. The relationship is restated below:
- = Apa(T)nfl(T)exp[A(T)]
" For all fuels, it was found that as the equivalence ratio increases, at a constant concentration,
the ignition delay curves shift down. As the concentration increases, at a constant equivalence
ratio, the curves also shift down. Also, the NTC region becomes less predominant at higher
concentrations, leading to more temperature sensitivity in the ignition delay values. Also, if the
fuel concentration is maintained constant and the total charge concentration increases (with
excess air), the NTC region also becomes less predominant. However, the low temperature
region remains unchanged.
* The chemical kinetic features of the three baseline fuels were compared. It was found that
Fuel #1 typically developed an NTC region at higher temperatures and lower ignition delay times
than the other two fuels. The NTC region also lost significance at higher concentrations. Fuel #2
did not develop a significant NTC region at most of the conditions tested, and clearly exhibited
the most temperature sensitivity. Fuel #3 developed large NTC regions at low temperatures at
all concentrations. The ignition delay curves for each fuel, and each condition, were quantified
using a temperature sensitivity parameter. The minimum temperature sensitivity for each curve
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was used to define the NTC region, which is the main distinguishable portion of the ignition
delay curves. The sensitivity parameter is restated below:
In (2)
STmin = min 1(1000 1000)
Tz T1
* Using early direct injection, it was shown that Fuel #1 led to a lower knock-limited NIMEP when
compared to the other fuels at an MAP of 1.3 bar and a constant intake temperature of 40 "C.
Fuel #1 is the most reactive from the three fuels, leading to an earlier combustion phasing. It
has been widely shown in the literature that an earlier combustion phasing does lead to a
reduction in the high-load limit, so this result was expected.
* When the MAP was increased to 1.7 bar and 1.9 bar, with early direct injection, the difference in
the high-load limit between the three fuels was found to be insignificant. The difference in the
combustion phasing was also reduced. At the higher concentrations associated with the higher
MAP values, the NTC region in the three fuels loses predominance. As a result, the difference in
the chemical kinetic behavior of the fuels is reduced. The maximum difference in the intake
temperature between the three fuels at an ignition delay time of 3 ms reduces from 124 K at
750 mol/m 3 to 28 K at 1250 mol/m 3. This can be used to explain why the combustion phasing is
similar for all three fuels at higher MAP values. This conclusion demonstrates how intake
conditions can impact the chemical kinetic behavior of the fuels. However, the impact chemical
kinetics has on the effectiveness of stratification could not be illustrated since both temperature
stratification and fuel concentration stratification were present.
* An intake temperature sweep from 40 *C to 140 *C was conducted for all three fuels with port
injection and an MAP of 1.1 bar. Port injection was used to insure only temperature
stratification was present. If the knock-limited NIMEP is compared at a constant CAMPRR value, it
was found that there exists minimal fuel sensitivity. By examining the fuel ignition delay curves,
it was shown that all fuels have an NTC region at the low concentrations tested.
* The path of ignition for the different parcels in the combustion chamber was studied using a
multi-zone simulation model. Two important factors were highlighted:
1. The ignition delay curves at various conditions must be examined to study the entire
combustion process when sequential ignition occurs. Due to temperature stratification,
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the zones in the combustion chamber are at a different concentration, to ensure a
uniform pressure. Also, once one zone ignites, the concentration in the other zones
must increase.
2. Using the integral method, it is assumed oxidation (with no chemical energy release)
occurs until the ignition integral reaches a value of 1. Then, ignition occurs when the
ignition integral reaches a value of 1, and all of the chemical energy is released
instantaneously at an infinite combustion rate. Therefore, it is possible for oxidation to
occur in the NTC region of the ignition delay curve, where little temperature sensitivity
exists, yet the final portion of oxidation and ignition can occur outside of the NTC
region.
e It was found that, with an MAP of 1.1 bar, all three fuels had significant oxidation in the NTC
region. This can explain why a negligible difference in the high-load limit was obtained at a
constant combustion phasing. Oxidation in the NTC region occurred even though the NTC
region for Fuel #3, at the chamber concentration before ignition, is approximately 10 ms, well
outside of the typical time scale for engine oxidation and ignition. This demonstrates that the
NTC region can gain significance after parcels begin to ignite since the concentration will
increase, which pushes the NTC region to lower ignition delay times.
" The same experimental procedure was conducted at an MAP value of 1.5 bar. It was shown
that Fuel #2 has a higher knock-limited NIMEP than the other fuels. Fuel #1 has a higher knock-
limited NIMEP at late CAMPRR values when compared to Fuel #3. At the larger MAP value of
1.5 bar, the ignition delay curves show that Fuel #1 and Fuel #2 do not have a significant NTC
region. Yet the NTC region is still present in Fuel #3, which reduces its temperature sensitivity,
and can lead to less effective temperature stratification. At early CAMPRR values, the
concentration is reduced due to a higher intake temperature, and an NTC region develops in
Fuel #1. As a result, the knock-limited NIMEP at early CAMPRRvalues for Fuel #1 and Fuel #3 is
similar.
" Similar conclusions were obtained with an MAP value of 1.9 bar. It was also observed that the
fuel sensitivity with port injection at an MAP of 1.9 bar was much larger than with early direct
injection. It was theorized that since port injection only has a temperature distribution, fuels
that are sensitive to temperature (like Fuel #2) will have an advantage over the other fuels.
However, with direct injection, both a temperature and fuel distribution is created. Therefore,
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it becomes harder to distinguish fuel performance, since temperature or fuel sensitivity can
lead to effective sequential ignition.
8.4 Application
e With port injection, Fuel #2 leads to the highest knock-limited NIMEP due to a large degree of
temperature sensitivity in its chemical kinetic behavior. However, this conclusion is limited to
the engine operating conditions tested in this report. To devise a more robust fuel selection
procedure, three steps must be taken:
1. Determine the end of compression concentration and peak equivalence ratio. A range
of conditions have been used in the literature with CAI engines, with a small sample
provided in this report.
2. Determine the type of stratification induced in the engine. A number of guidelines to
accomplish this objective have been presented in this report.
3. Select a fuel using the ignition delay curve that matches the appropriate end of
compression engine conditions. It has been shown that with temperature stratification,
an ignition delay curve that does not have an NTC region is desirable. Since the
different parcels of the chamber are at different conditions, it would be difficult to
position an NTC region such that it does not impact the oxidation pathway. It can be
hypothesized that a fuel with a large NTC region is desirable with fuel concentration
stratification, since the NTC region exhibits the most fuel concentration sensitivity.
However, this has not been proven in this report.
* The dependence of intake conditions and chemical kinetics on the effectiveness of stratification
was also used to evaluate the role of intake pressure on the high-load limit of CAl engines. It
was shown that there are three distinct factors that mutually determine how intake pressure
can impact the knock-limited NIMEP:
1. A higher intake pressure leads to a larger end of compression concentration. This
reduces the predominance of the NTC region, thereby increasing the temperature
sensitivity in the chemical kinetic behavior of the fuel. This can lead to more effective
temperature stratification.
2. A higher MAP leads to a more advanced combustion phasing (even if the fuel
concentration remains constant) if excess air is used. This would have a detrimental
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impact on the high-load limit. The use of EGR would negate this effect, since EGR can
increase the MAP without accelerating the chemical kinetics.
3. A higher MAP leads to a higher end of combustion chamber pressure. This extends the
high-load limit since the Knock Intensity is inversely proportional to pressure, and the
pressure oscillation amplitude is reduced at higher combustion pressures.
8.5 Conclusion
The conclusions from the four phases of this work demonstrate that the high-load limit for CAI
engines can be increased with proper fuel selection. As the current research and past research have
shown, stratification can be used to prevent near-spontaneous ignition. It has been demonstrated that
stratification can be more effective by selecting a fuel that can take advantage of the stratification
present. This can provide one incremental step to accomplish the objective of obtaining a high-load
limit that is comparable to what is found in conventional spark ignition and diesel engines, while
maintaining the high efficiency and low emissions associated with CAI engines.
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Appendix A: RCM Design Manual
Part List 1
PART LISTING FOR MACHINED PARTS
NuPaber Drawing Number Part Name Quantity
1A-1,1A-2 1 Sampling Head Window & Holder 1&3
1B 2 Head Window 1
7 3 Combustion Cylinder 1
10 4 Hydraulic Stop Ring 1
13 5 Hydraulic Cylinder 1
15 6 Backing Ring 1
18 7 Stroke Adjustment Ring 1
22 8 Pneumatic Cylinder 1
24 9 Flange 1
30 10 Holding Plate 1
32 11 Pneumatic Piston 1
38 12 Pneumatic Shaft 1
41 13 Shaft Coupler 1
43 14 Hydraulic Lock Ring 1
47 15 Hydraulic Piston 1
55 17 Head Window Retaining Ring 1
59A, 59B 18 Head Window Spacers Front & Back 4&4
61 N/A Schedule 10 1" Pipe (4378K531) - Cut to 5.000" Long 4
67 19 Hydraulic Shaft 1
68 20 Combustion Piston Coupler 1
69 21 Combustion Piston 1
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Part List 2
PART LISTING FOR ASSEMBLY PARTS
Design Part Name Purchase Part Number QuantityPart #
2 228 O-Ring 5267T194 1
8 1/4"-18 NPT Connector (Combustion Chamber) 1
9 1/2"-13-11/2" Socket Head Cap Screw 91251A716 6
1/2"-13-6" Stud 90281A736 12
11 1/2"-13 Hex Nut 95036A024 24
1/2" Flat Washer 91201A033 24
12 350 0-Ring 9452K408 1
14 1/2"-14 NPT Connector (Hydraulic Cylinder) 1
16 3500-Ring 9452K408 1
1/2"-13-8" Stud 90281A740 12
17 1/2"-13 Hex Nut 95036A024 24
1/2" Flat Washer 98038A265 24
20 1/2"-14 NPT Connector (Stroke Adjustment Ring) 1
23 358 O-Ring 9452K514 1
26 3/8"-16-11/4" Socket Head Cap Screw 91251A626 1
1/2"-13-5 1/2" Stud 90281A736 12
33 1/2"-13 Hex Nut 95036A024 24
1/2" Flat Washer 98038A265 24
34 Pneumatic Piston Seal 4274E40804500 1
35 210 0-Ring 1879T39 1
39 Pneumatic Shaft Seal 4300BT12501000-250 1
40 8-32-11/4" Socket Head Cap Screw 91251A201 4
42 3/8"-16-11/4" Socket Head Cap Screw 91251A626 1
44 1410-Ring 5308T199 1
45 4-40-1/4" Flat Head Screw 91253A106 8
46 210 0-Ring 1879T39 1
48 1/2"-13-11/2" Socket Head Cap Screw 91251A716 1
1/2" Lock Washer 91102A770 1
50 Hydraulic Shaft Seal 4300BT12501000-250 1
51 Combustion Chamber Piston Seal 427418701625 2
56 1/2"-13-2 1/4" Socket Head Cap Screw 91251A721 4
60 013 O-Ring 1879T19 3
62 2" Elbow 7739K119 1
1"-8-12" Socket Head Cap Screw 91251A935 4
63 1"-8 Hex Nut 94895A038 4
1" Flat Washer 91083A038 4
64 234 O-Ring 5267T201 1
65 3/4" Anchor bolts 92914A480 16
1"-8 Hext Nut 94895A038 4
66 1" Flat Washer 91083A038 4
71 High Pressure Tank (60 gal - 20x48) 9795K2 1
72 4-40 - 9/16" Socket Head Cap Screw 91251A208 8
73 3/8"-16-11/4" Socket Head Cap Screw 91251A626 1
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Assembly Procedure
A description of the key steps required during assembly is provided in this section. The same steps
in reverse order can be followed during disassembly. It is assumed that at the initial starting point of
assembly, the RCM base flange (Part #24) is connected to the pressurized nitrogen tank (Part #71)
through the 2 inch pipe network. Also, the hydraulic circuit and the MPU are fully functional. Note that
the hydraulic circuit connects to the RCM at two locations (one at the stroke adjustment ring, and one at
the hydraulic chamber). The MPU connects to the RCM at the combustion chamber.
Prepare the pneumatic chamber and pneumatic moving assembly:
1. Place an o-ring (Part #23) onto the grove of the RCM base (Part #24).
2. Place the pneumatic chamber (Part #22) onto the base (Part #24), with the cut holes (along
the circumference) facing upwards. Torque all twelve bolts and nuts (Part # 33) to 50 ft-lbs.
(Steps 3 to 7 are completed on a bench)
3. Place an o-ring (Part #35) onto the groove cut out of the pneumatic shaft (Part #38). At the
same end, connect the pneumatic piston (Part #32) to the pneumatic shaft with one bolt
(Part #26) and loctite. Torque to 50 ft-lbs. The flat located on the pneumatic shaft can be
used for tightening.
4. Insert the piston seal (Part #34) onto the pneumatic piston. The seal should be oriented
such that it opens up towards the back of the piston (away from the pneumatic shaft).
5. Place the pneumatic shaft seal (Part #39) onto the groove of the stroke adjustment ring
(Part #18). The seal should be oriented such that it opens up towards the top of the stroke
adjustment ring.
6. Slide the pneumatic shaft into the stroke adjustment ring.
7. Connect the shaft coupler (Part #41) to the end of the pneumatic shaft with one bolt (Part
#42) and loctite. Torque to 50 ft-lbs.
8. With the pneumatic piston on the bottom, move the assembly created in steps 3-7 to the
RCM. Slide the pneumatic piston into the pneumatic chamber. The pneumatic piston seal
will need to be squeezed to fit into the chamber. A flat head screwdriver can be used (while
the assembly rests on a wooden block between the pneumatic chamber and stroke
adjustment ring.
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Prepare the hydraulic chamber and hydraulic moving assembly:
(Steps 9 to 10 are completed on a bench)
9. Position the backing ring (Part #15), hydraulic lock ring (Part #43), and o-ring (Part #44) onto
the hydraulic piston (Part #47), and tighten evenly with eight flat head screws (Part #45).
10. Place an o-ring (Part #46) onto the groove cut out of the hydraulic shaft (Part #67). At the
same end, connect the hydraulic piston and hydraulic shaft with one bolt (Part #48) and
loctite. Torque to 50 ft-lbs. The flat located on the hydraulic shaft can be used for
tightening.
11. With the hydraulic piston on the bottom, move the assembly created in steps 9 and 10 to
the RCM. Connect the hydraulic piston to the shaft coupler with four bolts (Part #40) and
loctite.
12. Position the hydraulic chamber (Part #13) onto the stroke adjustment ring. Connect with
twelve bolts and nuts (Part #17). Torque all bolts to 50 ft-lbs.
13. Place the hydraulic shaft seal (Part #50) onto the groove of the hydraulic stop ring (Part
#10). The seal should be oriented such that it opens up towards the bottom of the hydraulic
stop ring. Also place an o-ring (Part # 12) onto the bottom face of the stop ring. The o-ring
may temporarily be held with tape.
14. Slide the hydraulic shaft (already assembled on the RCM) into the hydraulic stop ring.
Connect the stop ring to the hydraulic chamber with twelve bolts (Part #11). Torque all
bolts to 50 ft-lbs.
15. Connect the hydraulic circuit lines to the hydraulic chamber and the stroke adjustment ring.
Prepare the combustion chamber:
16. Connect the combustion piston coupler (Part #68) to the hydraulic shaft with one bolt (Part
#73). Torque to 50 ft-lbs.
17. Connect the combustion piston (Part #69) to the combustion piston coupler with eight bolts
(Part #72).
18. Place one/two piston seals (Part #51) onto the combustion piston. The bottom seal -should
open up facing the top (pressure seal), and the top one should open up facing the bottom
(vacuum seal).
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19. Move the moving assembly upwards at least 4 inches (use the pump to pressurize the
pneumatic chamber).
20. Position the seal assembly tool on top of the hydraulic stop ring. Move the moving
assembly down (evacuate the pneumatic chamber) such that only the bottom seal is
compressed by the seal assembly tool.
21. Place the combustion chamber (Part #7) onto the seal assembly tool, and bolt down to the
hydraulic stop ring with two bolts.
22. Move the moving assembly upwards until both seals have entered the combustion chamber.
23. Remove the bolts connecting the combustion chamber and the hydraulic stop ring. The
combustion chamber will then move upwards with the moving assembly. Remove the seal
assembly tool.
24. Place six yellow plastic washers (0.02 inch thick) around each threaded hole on the hydraulic
stop ring. Also position the oil absorber on the hydraulic stop ring.
25. Bring the moving assembly down. Connect the combustion chamber to the hydraulic stop
ring with six bolts (Part #9). Torque to 10 ft-lbs.
26. Select the head window spacers (Part #59A and #59B) based on the compression ratio
desired. Place o-rings (Part #2 and #64) on the top of the combustion chamber and the
head window (Part #1A-1 or 1B, depending on whether sampling or not). Position the head
window, head window spacers, and head window retaining ring (Part #55) at the top of the
combustion chamber. Bolt down with four bolts (Part #56). Torque to 50 ft-lbs.
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Oil Fill Procedure
A description of the key steps required to fill the hydraulic chamber with oil is described in this
section. The whole process should take approximately 2 hours. The oil fill procedure should only be
started if the RCM does not have any oil in the chamber. If it is suspected that the hydraulic chamber or
lines contain oil, the oil drain procedure in the next section should be done first. The vacuum pump can
be damaged if this step is not followed.
1. The default starting point for the valves should be as described below. The HPRP should
also be at its lowest position.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT VENT VENT OFF OFF OPEN
This default condition has been set such that no harm can be done to the RCM by moving the
valves to these positions. As a result, if there is a problem during any step, the default valve
positions can always be reverted to.
De-gas the oil in the reservoir
2. Fill the oil reservoir with oil (3/4 full) by removing the reservoir top from the base. The four
connecting bolts will need to be removed. The plastic line connecting the reservoir to the
pump should also be disconnected. During the fill process, ensure that valve V9 is set to off
(should be with default valve position).
3. Place the reservoir top back on the base, and tighten the 4 bolts to 10 ft-lbs.
4. Connect a vacuum pump with a liquid trap to the top of the reservoir (where the plastic line
was disconnected).
5. Leave the vacuum pump connected until no bubbles can be seen through the liquid level
gauge (approximately 1 hour).
6. Remove the vacuum pump and reconnect the plastic line (from the top of the oil reservoir
to the pump).
214
Prepare the hydraulic chamber and oil lines
7. Move the moving assembly upwards by pressurizing the pneumatic chamber. Continue until
the pneumatic chamber pressure reaches 1.5 bar absolute (use P2). The pump can be
turned on with the switch located on the top left panel.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT PUMP VENT OFF OFF CLOSE
8. Prepare the hydraulic chamber and lines for evacuation.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF FIRE PRESSURE OFF VENT OFF VENT OFF OFF CLOSE
9. Begin evacuating the hydraulic chamber and lines. Continue for 10 minutes after the
vacuum pump reads 0.02 torr. Valves V2, V3, and V4 should be opened and closed multiple
times during the evacuation process to evacuate any dead volume.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF FIRE PRESSURE VACUUM VENT OFF VENT OFF OFF CLOSE
10. Begin pumping the oil (the pump should be turned on again for this step). At this first stage,
the oil will be vented out through valve V5. This stage should continue until no air bubbles
are seen through the plastic vent line coming out of valve V5. During the fill process, ensure
that the oil pressure does not go above 10 psi gauge (read using P3). The pressure is
adjusted with valve V10.
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF FIRE PRESSURE VACUUM VENT OFF PUMP OFF FILL ADJUST
Fill the hydraulic chamber and network with oil
11. Once no air bubbles can be seen in the valve V5 vent line, the oil can be introduced into the
hydraulic chamber. Valve V10 should be adjusted to maintain 10 psi gauge oil pressure.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF FIRE PRESSURE OFF FILL OFF PUMP OFF FILL ADJUST
12. The fill process should continue for 10 minutes after the hydraulic chamber pressure (P1)
matches the oil reservoir pressure (P3). At this point, the auxiliary oil reservoir can now be
filled (3/4 full) by adjusting valve V8. Even if the auxiliary chamber contains oil, this step
should not be skipped (add a small additional amount of oil).
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF FIRE PRESSURE OFF FILL OFF PUMP VENT FILL ADJUST
13. With the auxiliary oil chamber % full, the fill process can be completed in two steps. Ensure
that oil is not flowing out of valve V1 after the fill process is completed.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF FIRE PRESSURE OFF OFF OFF PUMP VENT FILL ADJUST
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT FIRE PRESSURE OFF OFF OFF VENT VENT OFF OPEN




A description of the key steps required to drain the hydraulic chamber of oil is described in this
section. The whole process should take approximately 15 minutes. This process should be completed
when changing the hydraulic oil, or when an RCM rebuild is required.
1. The default starting point for the valves should be as described below. The HPRP should
also be at its lowest position.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT VENT VENT OFF OFF OPEN
This default condition has been set such that no harm can be done to the RCM by moving the
valves to these positions. As a result, if there is a problem during any step, the default valve
positions can always be reverted to.
2. Move the moving assembly upwards by pressurizing the pneumatic chamber. Continue until
the pneumatic chamber pressure reaches 1.5 bar absolute (use P2). The pump can be
turned on with the switch located on the top left panel.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT PUMP VENT OFF OFF CLOSE
3. Open a pathway for the oil to move back into the oil reservoir. The pathway will allow the
oil to travel from the Oil/N 2 separator to the oil reservoir, bypassing the HPRP.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF PRESSURE OFF FILL OFF VENT OFF FILL CLOSE
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4. Pressurize the oil from the high pressure N2 line to 5 bar. This will push the oil back into the
reservoir
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
N2 OFF PRESSURE OFF FILL OFF VENT OFF FILL CLOSE
5. Continue until the oil in the reservoir begins to bubble. At this stage, reduce the N2
pressure to 2 bar and begin to evacuate the oil from the HPRP by moving the HPRP up and
down. The N2 pressure will have to be reduced (or vented through valve V1) to push the
HPRP down.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
N2 FIRE PRESSURE OFF FILL OFF VENT OFF FILL CLOSE
6. Get the RCM ready for the next procedure by moving the valves back to the default
condition.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT VENT VENT OFF OFF OPEN
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Mixture Preparation
This section will provide a description of the steps required to prepare one batch of fuel-oxygen-
inert gas mixture. The whole process should take approximately 1 hour.
1. Before beginning, the user should have the cumulative partial pressures of the mixture
components (starting with fuel, than oxygen, than inert gases) ready. The fuel pressure
units should be in torrs, while the oxygen and inert gas should be in bars. If the user is
injecting liquid fuel, it will also be helpful to have an approximate volume of liquid fuel
required. This can be calculated with the fuel's molecular weight, liquid density, and the
mixture preparation unit internal volume (~6200 cc).
2. The default starting point for the valves should be as described below.
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF OFF
This default condition has been set such that no harm can be done to the MPU by moving the
valves to these positions. As a result, if there is a problem during any step, the default valve
positions can always be reverted to.
3. Heat the MPU and the MPU network to the required temperature that would prevent fuel
condensation. To determine the appropriate temperature, the saturation properties of the
fuel components should be examined against the desired partial pressure of each
component. The temperature is limited to a maximum of 80 *C for the cylinder and 60 *C
for the MPU ports. Approximately 1.5 hours is needed to achieve a uniform temperature.
4. Connect the required gas bottles to valves V18 to V20 (oxygen and two inert gases). Purge
the line connecting the gas bottles by routing the gas through the MPU. Complete each gas
separately.
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Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF ON VENT OFF OFF OFF OFF ON OFF
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF ON VENT OFF OFF OFF OFF OFF ON
5. Move back to the default position.
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF OFF
6. Evacuate the MPU. During the evacuation process, move valves V15, V16, and V17 on and
off to evacuate the dead volume in the valves.
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT ON ON ON OFF OFF OFF
7. When P4 reads under 0.02 torr, the evacuation process is complete.
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Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT ON ON OFF OFF OFF OFF
8. Inject the liquid fuel with a syringe, through the liquid fuel port. This should be done with
two equal injections, with each injection equal to half the approximate fuel liquid volume
that was calculated in step 1. Record the pressure (P4) after the first injection. If the
pressure after the second injection does not approximately double, all the fuel has not
vaporized. Move back to step 6, and reduce the amount of fuel injected.
9. Wait until the pressure stabilizes (P4). If the pressure is not equal to the desired fuel
pressure, the user has the option of injecting more fuel, or adjusting the partial pressure of
the oxygen and inert gases to accommodate the obtained fuel pressure (P4). If the pressure
is very different (more than 3%) from the desired fuel pressure, the user is advised to
recheck all calculations.
10. Isolate the fuel pressure reader.
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF OFF
11. Begin metering first the oxygen, then the inert gases into the MPU. After each component
is admitted, wait 5 minutes to get a stable pressure reading (P5).
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF ON OFF OFF
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Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF ON OFF
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF ON
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF OFF
12. Turn the mixing fan on. Leave on for 10 minutes. It is advisable to
that the pressure in the MPU can always be read. Notice that the end
their default positions.
leave valve V16 on so
state has the valves in
223
Run Procedure
This section will provide a description of the steps required to complete one RCM run. The whole
process should take approximately 1 hour. It is assumed that the RCM is filled with hydraulic oil, and a
mixture has been prepared (in the MPU).
Determine the RCM initial conditions that are required to obtain the desired end of compression
conditions. At this stage, the RCM wall temperature, initial pressure (in torrs), and compression ratio
should be determined.
1. Select the appropriate spacers for the desired RCM compression ratio, and install them on
the combustion chamber.
2. Heat the RCM to the desired temperature. The network connecting the RCM to the MPU
can be maintained at 80 "C. To ensure that the combustion piston reaches the overall RCM
temperature, a high pressure (5 bar) inert gas can be admitted into the chamber. The gas
can be admitted at the vent in valve V14. Ensure valve V12 is closed, since the Baratron (P6)
cannot accommodate pressures above 2000 torr. Failure to follow this procedure will
damage the membrane in the Baratron. Heating should take 45 minutes. Vent out the inert
gas after the process is completed.
Admit the mixture
3. Ensure all valves are in their default positions
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT VENT VENT OFF OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF OFF
4. Move the moving assembly to its lowest position by drawing a vacuum in the pneumatic
chamber.
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT VACUUM VENT OFF OFF OPEN
Vii V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF OFF
5. Evacuate the RCM combustion chamber. Continue until the pressure (P6) reads under 0.2
torr. Move valves V11 and V12 on and off during the process to evacuate any dead volume.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT OFF VENT OFF OFF OPEN
Vii V12 V13 V14 V15 V16 V17 V18 V19 V20
ON ON OFF VACUUM OFF ON OFF OFF OFF OFF
6. Admit the mixture from the MPU into the RCM combustion chamber by first shutting off the
vacuum then admitting the mixture through valve V13. Valve V13 should be opened very
slowly to only allow the amount of mixture needed into the RCM. Monitor the pressure
with P6. Admit until the pressure matches the desired initial RCM pressure determined in
step 1.
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT OFF VENT OFF OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
ON ON ADJUST OFF OFF ON OFF OFF OFF OFF
7. Isolate the RCM from the MPU.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT OFF VENT OFF OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
ON ON OFF OFF OFF ON OFF OFF OFF OFF
8. Wait 10 minutes for the mixture in the RCM to reach the
wait times can be used when the RCM is not heated).
significantly, move back to step 7.
RCM wall temperature (shorter
If the RCM pressure changed
Complete the RCM run
9. Prepare the RCM hydraulic network by first ensuring that the hydraulic piston is sealed
against the stroke adjustment ring, with the bottom vented.
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF PRESSURE OFF VENT VACUUM VENT VENT OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
ON ON OFF OFF OFF ON OFF OFF OFF OFF
10. Pressurize the hydraulic oil to 2000 psi. Ensure that the gas bottle connected to the N2 line
has sufficient pressure. The hydraulic oil pressure can be read with P1.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
N2 OFF PRESSURE OFF VENT VACUUM VENT VENT OFF OPEN
V11 V12 V13 V14 V15 V16 V17 V18 V19 V20
ON ON OFF OFF OFF ON OFF OFF OFF OFF
11. Isolate the hydraulic oil network and the RCM.
12. Pressurize the pneumatic chamber by opening the large valve in the two inch line.
that the N2 tank supplying the chamber has a pressure of 250 psi.
13. Prepare the data acquisition system.
Ensure
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF OFF OFF OFF VENT OFF VENT OFF OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF OFF OFF ON OFF OFF OFF OFF
14. Fire the RCM
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
OFF FIRE OFF OFF VENT OFF VENT OFF OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF OFF OFF ON OFF OFF OFF OFF
Reset the RCM back to default conditions
15. Close the 2 inch valve located between the pneumatic chamber and the N2 supply tank.
16. Vent out any remaining pressure in the hydraulic network.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT FIRE OFF OFF VENT OFF VENT OFF OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF OFF OFF ON OFF OFF OFF OFF
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT FIRE PRESSURE OFF VENT OFF VENT OFF OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF OFF OFF ON OFF OFF OFF OFF
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17. Move the HPRP down to its initial position.
18. Vent out the pneumatic chamber. The auxiliary oil reservoir can now be opened to refill any
lost hydraulic oil.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT FIRE PRESSURE OFF VENT VENT VENT VENT OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF OFF OFF ON OFF OFF OFF OFF
19. Bring the moving assembly down.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT FIRE PRESSURE OFF VENT VACUUM VENT VENT OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF OFF OFF ON OFF OFF OFF OFF
20. Evacuate the RCM. A deep vacuum is not needed at this stage. However,
not be left in contact with combustion products for a long duration.
the RCM should
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V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT FIRE PRESSURE OFF VENT VENT VENT VENT OFF OPEN
Vi V12 V13 V14 V15 V16 V17 V18 V19 V20
ON ON OFF VACUUM OFF ON OFF OFF OFF OFF
21. Reset all valves back to the default condition.
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10
VENT OFF OFF OFF VENT VENT VENT OFF OFF OPEN
Vii V12 V13 V14 V15 V16 V17 V18 V19 V20
OFF OFF OFF VENT OFF ON OFF OFF OFF OFF
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RCM Maintenance
Oil Absorber (~15 minutes)
The oil absorber placed on the bottom of the combustion chamber is used to absorb oil that leaks
out of the hydraulic chamber every time the shaft moves upwards. This absorber should be replaced
every 20 runs.
To replace the absorber, disconnect the 6 bolts (Part #9) connecting the combustion chamber to the
hydraulic stop ring. Also disconnect the MPU from the RCM. Then, using the pump, move the piston
assembly upwards. This will also lift the combustion chamber. A new oil absorber can then be
positioned. The moving assembly can be moved downwards. Everything can now be reconnected.
Combustion Chamber Cleaning (~25 minutes)
The combustion chamber becomes contaminated with combustion products after a number of runs.
This can provide hot spots where ignition can occur, thereby impacting the ignition delay. The chamber
should be cleaned with ethanol after every 10 runs. A more complete cleaning should be performed
when changing the piston seals
Piston Seals ("1 hour)
The combustion piston seals should be replaced every 50 runs. This is needed to prevent leakage
and because the seals become contaminated with combustion products and hydraulic oil.
Vacuum Pump (~3 hours)
The belt-driven vacuum pump needs to be maintained to be able to draw an adequate vacuum in
the combustion chamber (less than 0.2 torr). Maintenance involves changing the oil every 3 months and
changing the filter when required.
Hydraulic Oil Change Interval (~2 hours)
Over the course of many runs, air can leak into the hydraulic oil, which will inhibit the pin and
groove mechanism from stopping the moving assembly. The amount of air in the hydraulic oil is
indicated by the amount the HPRP moves up when expanding the hydraulic oil to atmospheric pressure.
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During normal operation, it should move up less than 1 inch. If the HPRP moves up more than 1 inch,
the hydraulic oil should be drained and refilled.
RCM Rebuild (~ 12 hours)
The RCM should be disassembled after 750 runs. All of the seals and bolts should be replaced.
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